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Abstract 
Carbon nanotubes (CNTs) have been the subject of intensive research for nearly 
two decades, and this is due to their exceptional lightness, large aspect ratio, 
extraordinary mechanical, electrical, thermal properties and additional multi-functional 
characteristics. Ceramics have high stiffness and good thermal stability with a relatively 
low density, and they are an important constituent in the fabrication of advanced 
composites where high thermal and chemical stability are important. However, 
brittleness has limited their application in many structural applications. The 
combination of ceramic (alumina in particular) and CNTs, endeavouring to develop 
functional composites, offers a very attractive system for research and development. 
The fabrication of such alumina-CNT composites at bulk scale is therefore highly 
desirable for industrial applications. However, the synthesis of such composites 
possesses many technical challenges which need to be addressed. Poor synergy between 
the matrix and CNTs, potential damage to CNTs, obtaining a uniform and 
agglomeration-free distribution of CNTs within the matrix, and high cost of CNTs and 
processes involved in their composite fabrication have proved to be the significant 
challenges.  
In this thesis, the focuses are laid on addressing these issues and on the 
fabrication of specially engineered composites for particular applications such as filter 
and composites with improved mechanical properties. In this regard, it has been tried to 
directly fabricate CNTs in different ceramic matrices based on the application 
requirements. After that, the critical issues and challenges in the fabrication of these 
functional materials have been clearly investigated and by introducing novel methods 
and approaches, it has been tried to solve these problems.  
Also, a new polymer-ceramic-CNT composite has been fabricated by using two 
different thermoset (epoxy resin) and thermoplastic (polyamide 12) matrices. In this 
regard, good interfacial bonding between the composite elements along with good 
wettability of ceramic and CNTs with polymer had to be addressed as critical issues and 
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challenges in the fabrication process. If the adherence at the interface is not strong 
enough, the material will tear and fail easier. In contrary, a tailored functionalization of 
CNTs can lead to an improved wettability and as the results, strong interfacial adhesion 
and bonding between the composite elements. These dominating factors will improve 
the degree of filling which results in existence of fewer voids inside the composite. 
These voids will act later as stress points and reduce the composite strength. At the end, 
the mechanical properties of the fabricated samples have been assessed. 
The CNT filters have been tested in the removal of bioorganic (yeast cells) and 
inorganic (heavy metal ions) contaminants from water, and of particulates from air, and 
they all showed very promising results. More than 99.6% of the air particles (size 
ranges from 0.3 to 10 µm) were filtered using 300 mm long CNT filter. A complete 
removal of heavy metal ions from water was reported particularly for single ion. 98% of 
the yeast cells were filtered. Different factors involved in the filtration efficiency such 
as ceramic pore size, length of filters, CNT loading and injection rates have also been 
discussed. 
Furthermore, the mechanical properties (compression test, hardness and impact 
test) of the composite materials (including ceramic-CNT, epoxy resin-ceramic-CNT and 
polyamide-ceramic-CNT composites) have been assessed. During impact test, the epoxy 
resin-ceramic-CNT composite absorbed 117.2% and 32.7% more energy compared to 
the pure epoxy resin and epoxy resin-ceramic composite, respectively. The epoxy resin-
ceramic-CNT composite sustained 40% more elastic deformation before breakage 
compared to the epoxy resin-ceramic composite as a result of the CNT reinforcement. 
The addition of CNTs to the polyamide12-ceramic composite increased its yield stress 
by 41%.  
All of these results represent a big leap towards practical applications for the 
composite reported in the thesis, which may open up new opportunities for CNT 
engineering at industrial scales, due to the easy fabrication methods introduced and the 
promising performance they have exhibited. 
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Chapter 1: Introduction 
Nanomaterials research has opened up a new era in advanced technology for a 
variety of potential engineering applications. Recent advances in nanomaterials, 
together with innovations in other engineering subjects, offer tremendous opportunities 
for the development of fundamentally new nanotechnologies. Of the wide ranges of 
nanomaterials synthesised so far, carbon nanotubes (CNTs) are the most appealing and 
versatile materials that were first observed by Iijima in early 1990s [1], and have since 
been the subject of intensive research for two decades, to fully exploit their properties 
[2]. Individual CNTs exhibit high elastic modulus of > 1 TPa [3] and tensile strength of 
up to 60 GPa [4, 5], which is 10-100 times higher than the strongest steel but only at a 
fraction of their weight. CNTs have been reported thermally stable up to 2800 °C in 
vacuum and up to 700 °C in air, along with good thermal conductivity (greater than 
6600 W m
-1
 K
-1
 for single-walled CNTs and 3000 W m
-1
 K
-1
 for multi-walled CNTs), 
with negligible thermal expansion [6]. They also exhibit different electrical 
conductivities depending on their helicity and diameters, either being metallic or 
semiconductor [7]. CNTs have high aspect ratio and large specific surface area which 
makes them promising for applications in adsorption, filtration and separation industries 
in both gaseous and aqueous systems [8-10]. These features make them an ideal 
candidate for the fabrication of CNT-reinforced advanced nanocomposites. Different 
methods have been developed to utilise CNTs in broad applications, which are expected 
to revolutionize the technological landscape in near future, and examples include CNTs 
as reinforcement phase for engineering nanocomposites [11, 12], as electrode or 
electron collectors in solar cells [13, 14], in flat panel electron field emitters [15, 16], as 
absorbent in nanoporous filters [9], and thermal materials, etc [17],[18]. Other 
fascinating potential applications such as artificial muscles or space elevator tethered by 
the strongest cables, have also been proposed [19]. 
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In the field of composite, CNTs have been introduced into polymer, ceramic and 
metal matrices, aiming to achieve improved thermal, mechanical and electrical 
properties. To date, most studies have focused on the development of CNT-reinforced 
polymer nanocomposites [20] advantaging from improved mechanical property, multi-
functionalities, and strong interfacial connections with such matrices caused by nano-
scale features and extremely large interfacial areas [6]. In contrast, there are fewer 
reports considering CNTs as reinforcements in metals and ceramics matrices. 
Among ceramics, alumina (Al2O3) is one of the most common oxides, and has 
so far been applied in high speed cutting tools, in dental implants, as chemical and 
electrical insulators, wear resistant parts and various coatings [21]. High hardness, 
inertness, high compressive strength and excellent electrical and thermal insulating 
properties with relatively low density are the main reasons for the intensive engineering 
applications discussed above. For other applications, the low-fracture toughness and 
low-fracture strength of Al2O3  cause micro-cracks to grow readily, preventing them 
from being used directly as structural materials [21]. It is reported that the addition of 
CNTs in the matrix can inhibit the Al2O3 grain growth which occurs during high 
temperature processing [22], making the composite more resilient against thermal 
shocks. Furthermore, the combination of CNTs with ceramics could result in 
nanocomposites with outstanding toughness [23, 24], in addition to highly thermal and 
chemical stabilities [4, 25]. All these benefits have motivated research in the 
development of CNT-containing nanocomposites.  
To date, most CNT-containing ceramic composites have been fabricated by ex-
situ mixing of the ceramic powders with the pre-produced CNTs, followed by a 
secondary process like hot-pressing [2], or spark plasma sintering (SPS) etc.[26], 
resulting in dense composites targeted for use in structural engineering applications. For 
such procedures, synergy between the matrix and CNTs is generally poor and potential 
damage to CNTs remains an important issue, as both have negative effects on the 
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resulting properties, especially on the mechanical properties [12]. Furthermore, 
obtaining a uniform and agglomeration-free distribution of CNTs within the matrix has 
proved to be a significant challenge.  
Distinct from fully densified ceramics, porous ceramics or ceramic foams with 
open channelled porosities have specific engineering applications, such as in thermal 
insulation applications, as filters/membranes and gas burners, or as bioceramics [27]. 
Synthesizing composites by in-situ, direct growth of CNTs inside pores of engineering 
ceramics offers the potential to avoid many of the drawbacks arising from ex-situ 
processing, in addition to the advantages of offering short reaction times at low cost. 
Among those, there are a number of reports describing the use of mesoporous silica 
[28], silicon [29], or anodic aluminium oxide (AAO) membrane [30], as substrates for 
the production of porous ceramic/CNT composites by a direct deposition of highly 
ordered nanotubes, in which the deposition of carbon atoms occurs on the internal pore 
surface, copying the simple channel structures [31]. For large random interconnected 
ceramic foams, the fabrication of composites with CNTs embedded in all directions 
remains a technical challenge. Such composites with open pore matrices used as trusses, 
depending on the level of porosity and degree of filling of these pores with nanotubes, 
can lead to the fabrication of multi-functional engineering composites, such as filters. 
CNTs have received special attentions for their excellent capabilities in water 
treatment for filtering organic and inorganic contaminants [32]. The high efficiency of 
CNTs in filtration can be explained by looking at their structures in which the high 
surface areas and large aspect ratios lead to the formation of strong Van der Waals force 
attractions between individual tubes, which results in agglomeration and the formation 
of a mesoporous network with higher pore sizes that can immobilize contaminants 
including bacteria and viruses at interstitial pore spaces [32]. In addition, the microbial 
cytotoxicity of CNTs also plays a partial role in the filtration performance [10]. The use 
of such nanomaterials, either embedded in membranes or on other structural media, has 
been considered as an effective method toward more applicable approaches in water 
30 | P a g e  
 
 
treatment. 
A densely packed CNTs network forming various pore sizes from micropores to 
mesopores, supported on ceramic matrix, can immobilize pollutants either in air or in 
aqueous via physisorption [32] which make them favourable as filters in devices for gas 
adsorption, water filtration and purification [32-35], hydrocarbon separation [9], and 
pollutant air filters [8, 36]. All these properties offer diverse opportunities for the 
development of fundamentally new CNT-containing advanced composites. However, 
there are several immediate technological challenges. One of them is how to convert, 
cost effectively, the proven excellent adsorption behaviour of loose CNT powder into a 
viable filter for specific applications via proper treatment, akin to the breakthrough 
made in CNT oil filter [37].  
Furthermore, infiltration of polymers into porous ceramics is a relatively new 
idea, which counts as a novel class of functional materials with a great potential for 
industrial applications. Hardness, stiffness and wear resistance of ceramic, combined 
with elasticity properties of polymer can be an advantage in many commercial 
applications which are now limited by the poor mechanical properties of ceramics [38-
40]. This type of composite materials has higher initial compressive strengths in 
comparison to porous ceramics and sustains larger deformations. Therefore, such 
composite absorbs energy more efficiently than both components separately, making it 
a desirable material as a part of lightweight shielding or panels for protecting objects 
and structures against impact loads [41, 42]. There are currently no reports available in 
combining CNTs in such new functional materials for the assessment of possible 
improvements in their mechanical properties. 
In short, research towards meaningful engineering applications of CNT-
containing advanced nanocomposite materials is still in its infancy. The high demands 
and rapid technological development for nanocomposites with added functionalities 
have motivated the present research project. In this thesis, more applicable approaches 
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toward cost effective ways for the fabrication of CNT/ceramic composites and for the 
assessment in filter applications against different conditions and contaminants will be 
studied; and also the possible property improvements will be evaluated. Additionally, a 
new class of functional materials fabricated by infiltrating polymer into porous 
ceramic/CNT composites, for the first time, will be attempted and their mechanical 
properties against compression and impact loads will be assessed. 
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Chapter 2: Literature Review 
2. 1. Introduction 
This chapter summarise the recent research progresses of CNTs and CNT containing 
nanocomposites, focusing on different fabrication methods, main properties and 
potential and practical applications. 
2. 2. History 
In the mid-1980s, Kroto and co-workers discovered a new, large and closed-caged 
carbon form which is composed of hexagonal and pentagonal faces [43], named as 
buckminster-fullerene--C60. This discovery brought them the Nobel Prize in chemistry 
in 1996, marking a significant stimulation and recognition as the start of the global 
nanomaterials research. More researchers in the exciting nanoscience arena have so far 
achieved substantial results; most notable ones are the discovery of the 1 Dimensional 
CNTs, and the 2 D single atomic layered carbon, graphene (Nobel Prize in Physics 
2010) [44].  
CNTs are long slender fullerenes, and the walls of the tubular cylinders are 
composed of wrapped graphene with 6-membered carbon rings and often capped at each 
end, with 5 or 7-membered carbon rings [11]. Similarly, a single layered graphene can 
be considered as a cut opened single-walled CNT and flattened. 25 years apart from 
the discovery of fullerene to another Nobel Prize associated with carbon is truly 
astounding. The significant properties of these magic carbon materials have attracted 
numerous researchers all over the world, racing to explore their unique properties and to 
develop new applications, for a diverse engineering subjects. This thesis will focus on 
the research developments of CNTs. 
2. 3. Morphology and Atomic structure of CNTs 
The ability of bonding in different ways is a unique property of carbon which 
makes it so special. They can change from graphite to diamond, from fullerenes to 
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CNTs and to graphene (Fig. 2. 1), according to different hybridization of the carbon 
atoms. If the four valence electrons in carbon atoms are shared equally (sp
3
 
hybridisation), diamond will be formed. When three of electrons are shared covalently 
in a plane, whilst the fourth electron becomes delocalised among all atoms (sp
2
 
hybridisation), graphite is formed. This type of bonding shows very strong in-plane 
bonds, but weak out-of-plane bond of Van der Waals which allows for the graphene 
layers in graphite sliding easily against each other, forming  a soft material. A fullerene 
is a hollow sphere, ellipsoid structure entirely composed of carbon atoms. A CNT refers 
to the state where a fullerene is in a cylindrical form and, base on the number of the 
graphene layers, it can be single-walled or multi-walled. Graphene is an allotrope of 
carbon where its structure is made of one-atom-thick planar sheets of sp
2
 bonded and 
packed densely in a honeycomb crystal lattice. When the size shrinks, the structure 
needs to reduce overall energy by closing onto itself and eliminating the dangling bonds 
[37]. This phenomenal change in structure gives rise to graphite, diamond, fullerenes 
[43], graphene [44], and carbon nanotubes [1], allowing them possessing different 
properties.  
 
Fig. 2. 1. Different hybridization states and forms of carbon-based nanomaterials [45] 
2. 3. 1. Single-walled CNTs 
It is easy to imagine a single wall CNTs as one graphene layer rolled up to form 
a cylinder (Fig. 2. 2), whilst both ends of the cylinder are closed by hemi-fullerene caps 
with appropriate size.  Various ways of rolling the graphene layer (direction of rolling), 
combined with different diameters and lengths of the rolled cylinder, determine the 
actual physical properties of the CNTs, which can be mathematically defined by the 
vector of helicity Ch and the angle of helicity θ. 
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Fig. 2. 2. (a) Schematic of the fabrication of SWCNT which is a strip cut from an infinite 
graphene sheet rolled up to form a tube [46]. (b) Sketch of the vector of helicity Ch and 
angle of helicity θ [47]. 
The chiral vector can be described by Eq. 2. 1 [37]: 
                                                                                                     Eq. 2. 1 
Where   and  
The angle of helicity (θ) can be described by Eq. 2. 2: 
       
Eq. 2. 2 
where n and m are the integers of the vector Ch considering the 
unit vectors a1 and a2. 
By considering the mentioned equations and different methods of rolling the graphene 
sheet, three types of tube can be formed (Fig. 2. 3). Some of the nanotubes possess 
planes of symmetry both parallel and perpendicular to the tube axis (Fig. 2. 3a and 2. 
3b), and some do not (Fig. 2. 3c). Tubes made from lattice translational indices of the 
form (n, 0) or (n, n) have got two helical symmetry operations when all other tubes have 
the three equivalent helical operations. Base on this, the (n, 0) sets are called zigzag 
nanotubes, the (n, n) are called armchair nanotubes and all other forms (n, m) will be 
helical [37].  
 
 
 
 
a) b) 
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Fig. 2. 3. Sketches of three different SWCNT structures: (a) zig-zag (n, 0), (b) armchair (n, 
n) and (c) helical (n, m) nanotube [37].  
The production of SWCNTs required very strict and controlled conditions that 
make the cost of final products expensive compared to the multi-walled CNTs which 
can be fabricated in larger quantity and cheaper approaches [37]. 
2. 3. 2.   Multi-walled CNTs 
Multi-walled carbon nanotubes (MWCNT) consist of multiple rolled layers 
(concentric tubes) of graphene. Understanding the morphology of MWCNT can be a 
little bit more complex due to the various ways graphene can be displayed and also 
mutually arranged within filament. The simplest MWCNT to consider is the concentric 
type (c-MWCNT), which are simply made of SWCNTs with regularly increasing 
diameters that are coaxially arranged and form a MWCNT similar to a Russian-doll 
model (Fig. 2. 4). A c-MWCNT can have any number of walls or coaxial tubes from 
two upwards when the intertube distance between each two layer of graphene roll in 
CNTs will be 0.34 nm [48]. 
 
a) b) 
c) 
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Fig. 2. 4. (a) Transmission Electron Microscopy (TEM) image of a concentric multi-walled 
CNT made by the electric arc-discharge method. The inset illustrates a sketch of the 
Russian doll like arrangement of graphene. (b) TEM images of herringbone and bamboo 
multi-walled CNTs (bh-MWCNT) prepared by CO disproportination [48]. 
Herringbone is another frequently occurrence form of texture that a MWCNT 
can possess (h-MWCNTs). In this type of nanotubes, the graphene makes an angle with 
respect to the tube axis (Fig. 2. 4b). The amount of the following angle can vary 
depending on the fabrication conditions (such as the catalyst morphology or the 
combination of atmosphere) from 0 (in which case the texture became c-MWCNT) to 
90˚ (in which the filament is more like a nanofibre rather than a nanotube) [49].  
Another known structure of MWCNTs is the bamboo texture which happens 
when a limited amount of graphene oriented perpendicular to the nanotube axis. This 
texture cannot exist on its own and should be affected by either c-MWCNT (bc-
MWCNT) or the h-MWCNT (bh-MWCNT) texture (Fig. 2. 5). This type of nanotubes 
is sometimes called nanofibres in the literature as their inner cavity is no longer open all 
the way along the filament as is in a genuine nanotube [50]. 
0.34 nm a) b) 
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Fig. 2. 5. (a) TEM image of a bh-MWCNT which shows nearly the periodic nature of 
texture that happens frequently [50], (b)  TEM image of a bc-MWCNT [51] 
To simplify, this thesis uses CNT to represent MWCNTs, unless specified 
otherwise. 
2. 4.  Fabrication methods of CNTs 
So far, various methods have been utilized to fabricate CNTs. Each method has its 
own advantages and drawbacks. Some seem to be easier and cheaper and some lead to 
better qualities. The selection of the most appropriate synthesis method depends on the 
required properties and feasibilities. There are currently many on-going works to reduce 
the manufacturing costs, towards higher yield and efficiency, which make them more 
feasible and practical for industries. The most important methods are: 
1) Arc-discharge [52, 53]  
2) Laser ablation [54, 55]  
3) Chemical vapour deposition (CVD) from hydrocarbons [56-58]  
In order to use CNTs in composites, large quantities production capacity is the 
key. Compared with CVD process, the high cost of arc discharge and laser ablation 
methods has made CVD the most suitable techniques for scaling up [4]. Therefore, this 
research will mainly focus on the CVD method. 
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2. 4. 1. Arc-discharge 
For the first time, Iijima [1] synthesized CNTs by the arc-discharge method [5]. 
The principle of this technique is to vaporise a graphite, in the presence of catalysts 
(mostly iron, nickel or cobalt) for SWCNTs, under an inert atmosphere (argon or 
helium). This technique normally uses two high purity graphite rods as the anode and 
cathode to create the arc-discharge. The rods that are schematically shown in Fig. 2. 6 
are kept under the helium atmosphere and a voltage is applied to them to produce a 
stable arc. After the arc was formed, a plasma consisting of the mixture of carbon 
vapour, catalyst vapour and inert gas will be produced. The variables of the process 
depend on the exact size of the graphite rods. As the anode is consumed, a constant gap 
between the anode and cathode should be maintained by regulating the place of the 
anode. At this time, the materials will be deposited on the cathode to form a build-up 
consisting of an outside shell of fused substance and a softer fibrous core containing 
CNTs with carbon particles [4].  
 
Fig. 2. 6. Schematic of an electric arc-discharge reactor [19] 
In this method, the morphology and the production efficiency of nanotubes are strongly 
dependant of the experimental conditions [59].    
2. 4. 2.  Laser ablation 
After the first laser was built in 1960, scientist has tried to use it as a means of 
concentrating a large amount of energy inside a small volume in a short time. Laser 
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ablation was first utilized to produce fullerenes [60], after which many researches have 
modified this method for the fabrication of CNTs [55, 61]. In this method, a laser beam 
is used to vaporise a graphite target doped with cobalt and nickel as a catalyst which 
produce a high temperature (1200˚C) and the CNT are collected on a water cooled 
target [61], as schematically shown in Fig. 2. 7.  
 
Fig. 2. 7. Schematic of the laser ablation technique with a continuous CO2 laser device [19] 
This method is capable of synthesising very clean nanotubes with limited amount of 
amorphous carbons with uniform diameters of 5-20 nm and tens to hundreds of 
micrometre length for synthesis conditions designed for high quality tubes. The ends of 
all the nanotubes are reported to be entirely closed with hemispherical end-caps with no 
evidence of catalyst and metal particles [61].  
2. 4. 3.  CVD technique 
CVD has been a successful method in fabricating carbon fibres [62], filament [63, 
64] and nanotubes [65] for more than two decades. The CVD process involves heating a 
catalyst material to high temperatures (500-1000 ˚C) in a tube furnace (Fig. 2. 8), and 
flowing a carbon source through the tube reactor over a period of time under specified 
atmosphere and pressure [66].  
40 | P a g e  
 
 
 
Fig. 2. 8. Schematic of the CVD process. 
Catalysts used for this method are usually transition metal nanoparticles which are 
formed on a supporting material such as porous aluminium oxide with large surface area 
[66]. The most effective metals in catalytic growth of CNTs in a CVD process (also 
known as CCVD) are iron (Fe), nickel (Ni) and cobalt (Co) [67]. The ability of these 
metals to form ordered carbons are a function of several factors. Their catalytic activity 
for decomposing volatile carbon sources is an important issue given the fact that these 
carbon compounds form metastable carbide during synthesis which finally leads to the 
carbon diffusing through and over the catalyst particles, resulting in CNTs [68, 69]. 
This shows that ordered carbon is the product of diffusion and precipitation, because it 
is only formed near the metal surfaces. Thus, if there are significant reactions away 
from the metal particles, other undesired forms of carbon, e. g. amorphous carbon, will 
be observed [70]. 
The precipitation of carbon atoms from saturated catalyst particles results in the 
formation of tubular carbon in sp
2
 structure that is favoured over other forms of carbon 
like graphitic sheets with open edges, as it is in a lower energy level due to the non-
existence of dangling bonds [66]. Over these metallic catalysts, carbon atoms dissolve 
to form a solid solution and finally on the cooling process, they precipitate, in a matter 
of seconds, on the surface as a continuous thin film of highly crystalline perfection, as 
carbon atoms are tremendously mobile and can shift simply over and through the metals 
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[67, 70]. During the process of formation of nanotubes, the original catalyst particles 
remain fixed to the substrate (extrusion or root growth) or detach from the surface and 
remain encapsulated within the other side of tube (tip growth), as shown in Fig. 2. 9 [68, 
71, 72].   
 
 
Fig. 2. 9. Growth mechanism of CNTs over metal catalyst suggesting two possible methods 
known as (a) “tip growth” and (b) “root growth” [73]. 
Using CVD along with gas carbon precursor is very popular because it forms a 
continuous process which allows the carbon source to be continually replaced by the 
flowing gas. The final product of such procedures has an acceptable purity which makes 
the CVD more appropriate for industrial scale production of CNTs [4]. CVD also 
allows for the production of CNTs at relatively low temperatures and high yields. 
Another unique characteristic of the CVD process is its ability to fabricate aligned 
arrays of CNT with controlled diameter and length, such as by using plasma enhanced 
vapour deposition (PECVD) where the plasma was produced by a DC source [74, 75] or 
microwave source [76, 77] (Fig. 2. 10). 
(a) 
(b) 
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Fig. 2. 10. Well-aligned mats of CNTs grown on glass by the PECVD process [78]. 
The size of catalyst also plays an important role in this method as it allows 
engineering the diameter of nanotubes by adjusting the thickness of catalyst (Fig. 2. 11). 
 
Fig. 2. 11. The effect of catalyst size on the diameters of CNTs in a CVD process [78] 
2. 5. Properties of CNTs 
As mentioned earlier, CNTs are a new class of materials with extraordinary 
properties. They possess remarkable mechanical, thermal, chemical and electronic (that 
can be semiconducting or metallic, depending on their chirality and diameters [66]) 
properties which have attracted many researchers. Table. 2. 1 summarises some of these 
astonishing properties.  
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Table. 2. 1. Unique properties of carbon nanotubes [6] 
 
2. 5. 1. Mechanical Strength 
One of the most fascinating properties of CNTs is their mechanical strength, 
which justified their usage in many applications such as in composite materials. The 
strength of carbon bonds has made CNT one of the strongest and stiffest materials 
known so far. By using atomic force microscopy (AFM) (Fig. 2. 12), the axial elastic 
module of CNTs (on the basis of the in-plane elastic modulus of graphite) has been 
found to exceed 1.2 TPa (about a hundred times higher than steel), and an average 
bending strength of 14.2 GPa was also reported [66, 79]. The hollow structure and 
closed topology of CNTs have resulted in a distinct mechanical response in them, 
compared to other structures of graphite. CNTs can sustain very high strain (~40%) in 
tension without exhibiting any signs of brittleness, plastic deformation or bond crack 
and break [37].  
 
Fig. 2. 12. Tensile loading and fracture behaviour of CNTs during tests [11, 80] 
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To conclude, investigations have proved that CNTs hold exceptional mechanical 
properties such as high elastic modulus [81], large elastic strain and fracture strain 
sustaining capability as subjecting to stress, their inside hollow cavity should collapse 
(Fig. 2. 13), and this provides extra absorption of energy and increased toughness of the 
composite [53]. Similar conclusions have also been gained by theoretical studies [11].  
 
     
 
Fig. 2. 13. (a) Schematic simulation of a deformed CNT when they are loaded [37], and (b) 
in-situ bending sequence on a single CNT [82]. 
2. 5. 2. Thermal stability 
CNTs exhibited superior thermal properties. High thermal stability up to 2800 ˚C in 
vacuum,  >700 ˚C in air, and also thermal conductivity of about twice as high as 
diamond [83] which has the highest measured thermal conductivity of any other 
material [84], have been reported. The thermal conductivity of graphite is very poor 
along their c-axis due to the weak bound layers that are attracted to each other by the 
Van der Waals forces, and the in-plane thermal conductivity of graphite is about 3000 
W/m· K.  As CNTs reflect the in-plane properties of graphite, their thermal conductivity 
is very high [37], about 2-3 times larger than those of diamond or in-plane graphite [85]. 
It is possible to understand this high value by comparing it with a well-known highly 
thermal conducting metal such as copper whose conductivity is only about 400 W/m·K. 
a) 
b) 
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This shows why CNTs are extremely desirable for composite materials which are 
needed for high working temperatures such as the ones in blast furnaces. Studies shows 
that CNTs conduct current and heat ballistically [86]. The ballistic conduction is 
correlated with the large phonon mean-free path in CNTs. Thus, it is expected that 
CNTS can dominate the thermal conductivities of polymer/CNT composites, shifting 
the paradigm of heat conduction from diffusion in both polymers and CNTs to ballistic 
heat conduction in CNTs and diffusive heat conduction in polymers. However, 
researches have revealed that the thermal conductivities of polymer/CNT composites is 
much lower than the estimations [87]. Investigations showed that the resistance to the 
heat flow caused by CNT-polymer interface is responsible for the low thermal 
conductivities of such composites [88, 89]. 
2. 5. 3. Chemical reactivity 
The chemical reactivity of CNTs, in comparison with a graphene sheet, is enhanced 
because of the curvature of the CNT surface. Reactivity of CNT is related to the pi-
orbital mismatch which is caused by the increased curvature. Consequently, a 
distinction between the end caps and sidewalls of nanotubes must be made for more 
realistic understandings. Therefore, nanotubes with smaller diameter have more 
enhanced reactivity. The end caps of CNT are always quite reactive irrelevant of the 
diameter of nanotubes as they resemble a hemispherical fullerene; consequently, they 
have reached their maximum pyramidalization angle which is about 9.7°. Covalent 
chemical modification of both sidewalls and end caps are possible (functionalization), 
which has been widely used to facilitate the dispersion of nanotubes in solvents for the 
preparation of composite materials, and can also help to improve bonding between the 
tubes and the matrices [90]. 
2. 6.  Applications of CNTs 
Since the discovery of CNTs, research has been focused on different ways of 
introducing CNTs into device-oriented applications in order to use their exceptional 
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properties, as introduced earlier [91]. High strength, chemical stability, high aspect ratio 
and high conductivity of CNTs have brought much success in electron emission 
application [7, 92]. Strong covalent bonds makes CNTs physically inert to sputtering, 
which allow them to carry a huge current density before electron migration that is the 
main advantage of CNTs over conventional field-emission devices (FED) [93-95]. Most 
research activities on electronic devices have focused on utilizing nanotubes as field 
emission electron sources for the next generation of electron guns for electron 
microscopes [94], high power microwave amplifiers [96], flat panel displays [92], 
lamps [97] and x-ray source [98, 99]. FEDs made by CNTs have higher video rate, high 
power efficiency and wider operating temperature range, which make them more 
desirable compared to the conventional liquid crystal displays (LCDs) [99]. The 
metallic behaviour of CNTs, allowing for a large current density carrying capacity, has 
also made them a good candidate for further shrinking the size of nano-electronic 
devices in future integrated circuits (nanowires) [7, 100]. And finally, field effect 
transistors (FETs) are another nano-electronic device that CNTs show their potentials, 
as both metallic and semiconducting CNTs are required, dependant on their diameter 
and chirality, as mentioned earlier [101].  
As CNTs do not reduce or oxidize over a substantial range of potentials, also the 
high chemically accessible surface area of their arrays, along with their high electric 
conductivity and high mechanical strength, they can be used as electrodes for 
electrochemical double-layer charge injection devices such as supercapacitors [102] and 
electrochemical actuators [103, 104] that may eventually use in robots [91]. 
CNTs have also been used widely in sensor and probe applications, as their 
electronic transport and thermopower are extremely sensitive to materials that affect the 
amount of injected charge [105]. Clearly, the main advantage of such nanosensors and 
probes is the small size of sensing elements and correspondingly small amounts of 
material needed for response. Differentiating among absorbed species in complex 
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mixtures, and providing rapid enough forward and reverse responses still remain to be 
solved in this area [91].  
There are more applications for CNTs along with many other potential ones [7, 
19]. The most notable ones which have already made into the applications have been 
briefly introduced. There are two more significant applications that will be discussed in 
details, due to their importance and relevancy to the current work: 
i. Nanocomposites 
ii. Nanofilters 
2. 7. CNT-reinforced composites 
One of the first realized major commercial applications of CNTs was their usage 
as an nanofiller in composites, due to their extraordinary mechanical strength and 
stiffness [82, 106-108], excellent thermal and electrical properties [109-112]. Beside the 
challenges which have to be overcome, the promising property enhancements of 
resulting nanocomposites have attracted more attentions over the last decade. Niihara 
has classified nanocomposites into four types based on their microstructure which are, 
intra, inter, intra/inter and nano-nano [113]. As shown schematically in Fig. 2. 14a, the 
first three types illustrate the dispersion of second-phase nanoparticles within the micro-
grains of a matrix, at grain boundaries or both; whilst in the fourth type, second-phase 
nanoparticles are embedded within the nano-grained matrix [113]. The first three types 
are generally known as nanocomposites when they are more precisely referred to as 
micro-nano composites as suggested by Mishra and Mukherjee in a new classification 
[114]. In their classification, the matrix consists of continuous nanocrystalline grains 
(with grain sizes of less than 100 nm) where the second phase can be in the form of 
nanoparticles, microparticles, fibres (whiskers) or grain boundaries (nanoleyer) (Fig. 2. 
14b) [114]. 
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Fig. 2. 14. Schematic of four different categories of nanocomposite  from the concept of 
new material designs based on (a) Niihara [113], and (b) Mukherjee [114] classification. 
Accordingly, three different types of CNT-reinforced nanocomposites, based on 
their matrixes which can be polymer, metal or ceramic, have been developed. Most 
researches in this field have focused on polymer matrix nanocomposites [20], due to 
their good mechanical, surface and multi-functional properties arising from strong 
interactions with the matrix as a result of the nano-scale structure and extremely large 
interfacial area [115]. There are also other attempts on developing metal [116] and 
ceramic-matrix [20, 117] composites [118].  
2. 7. 1. Polymer/CNT composites  
A common fabrication method for polymer/nanotube composites involves mixing 
nanotubes dispersions with polymer solution and then evaporating the solvents in a 
controlled situation [119]. Solubilising CNTs are extremely important in polymer base 
nanocomposites, as this aqueous nanotube dispersion can be later easily mixed with 
proper polymer solution and then by casting the mixture and evaporating the solvent 
(like water), a nanocomposite is produced. For example, Qian et al. utilized a high 
energy ultrasonic probe for dispersing CNTs in toluene and then mixed the suspension 
with a dilute solution of polystyrene in toluene using ultrasonic probe again. The low 
viscosity of the solution allowed CNTs to move freely in the matrix. Finally they cast 
the mixture on glass and removed the solvent (toluene) to yield polystyrene/CNT films 
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(Fig. 2. 15a) [120]. The solution mixing method is appropriate for polymers which can 
freely dissolve in common solvents. 
  
Fig. 2. 15. (a) TEM image of a Polystyrene/CNT composite (arrows show regions of 
polymer shrinkage and inset illustrates the length distribution of CNTs [120]. (b) 
Epoxy/CNT composite which shows the alignment of the nanotubes in the direction of 
cutting with microtome [121]. 
Another way to produce polymer/CNT composites is to use thermoplastic polymers 
(polymers which soften and melt when heated) and utilize melt processing techniques. 
Consequently, this method can be used to synthesis a homogenous dispersion of CNT 
alignment or to make artefacts in the required form by injection moulding [122]. 
Polyamide (PA) is an example of such thermoplastic polymers which has been used as 
substrate for CNTs. PA/CNTs composites have been made with improved overall 
mechanical properties by simple melt-compounding. Mechanical tests indicate that, 
compared with neat PA6, the Yong’s modulus, the tensile strength, and the hardness of 
the composite are greatly improved by about 115%, 120%, and 67%, respectively, with 
incorporating only 1 wt % CNTs. SEM observation of the fracture surfaces of the 
composite shows a homogeneous dispersion of CNTs throughout PA6 matrix and a 
strong interfacial adhesion between CNTs and the matrix responsible for the significant 
enhancements in mechanical properties [123].  
Epoxy/CNT composites have also attracted the most researchers. The earliest work was 
done by Ajayan et al. in 1994 [121]. They embedded purified CNTs into an epoxy resin 
that was then cut with a diamond knife. They found that nanotubes have become aligned 
in the direction of the knife movement which was a consequence of extensional or shear 
a) b) 
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flow of the matrix produced by cutting (Fig. 2. 15b). This alignment can be much more 
readily gained when the epoxy is in liquid state. 
2. 7. 2. Metal/CNT composites 
Composite materials containing carbon fibres and CNTs in metal matrix such as 
aluminium and magnesium are considered here. These composites have a combination 
of low density and high strength and modulus which makes them suitable for aerospace 
industries [124]. Kuzumaki et al. produced an aluminium/CNT composite in 1998 
[125]. They mixed a CNT sample with a fine aluminium powder, mounted the mixture 
and then drew and heated the wire at 700 ˚C in a vacuum furnace. The result was a 
composite wire in which the nanotubes were partially aligned along its axial direction. 
The tensile strength of the resulting composites was very similar to the pure aluminium 
but it retained this strength after prolonged annealing at 600 ˚C, whilst strength of the 
pure aluminium decreased by about 50% after this treatment. They also fabricated 
composites of titanium matrix, and great improvements in hardness and modulus were 
observed [126]. Production of copper/CNT nanocomposite was reported by Kim et al, 
by utilizing spark plasma Sintering (SPS) of high energy ball milled copper 
nanopowders with CNTs followed by cold rolling [127]. The composite shows two 
regional structures, with or without CNTs (Fig. 2. 16). This inhomogeneous distribution 
of CNTs has resulted in a two steps yielding behaviour in the stress-strain curve of 
nanocomposite, in which the strength of Cu-CNT region shows 1.6 times higher 
compared to the CNT-free region. This result revealed the importance of homogenous 
distribution of CNTs in nanocomposite, which remains as a key challenge due to the 
high tendency for CNTs to agglomerate. 
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Fig. 2. 16. SEM micrograph showing two regional structures of composite consisting of 
CNT-free (i) and Cu-CNT (ii) parts [127]. 
In another experiment, Chen et al. proved that metal/CNT composites showed 
reduced wear rates and friction coefficient, which makes them suitable candidates for 
tribological applications. They have also attempted to make a CNT/Ni/P composite 
coating on a stainless steel substrate utilizing an electroless plating method [128]. 
2. 7. 3. Dense ceramic/CNT composites 
The recent developments in advanced technologies in the aeronautics, space and 
energy areas, demand materials with high performance and superior mechanical 
properties along with high thermal and electrical conductivity and good wear resistance. 
Ceramics have good corrosion resistance, high stiffness and thermal stability with 
relatively low density and they have been used in industrial sectors. Alumina is one of 
the most popular ceramics and has been attempted as a matrix for the production of 
CNT-reinforced composites, due to its relatively high hardness (15–22 GPa), good 
oxidation resistance and chemical stability [129], but its low fracture toughness has 
prevented their usage as structural materials [130]. Toughness of ceramics can be 
improved by adding some reinforcement particles such as whiskers [131] and fibres 
[132] (or nanotubes [133]) to form composites. The main toughening mechanisms of 
fibre-reinforced composites are mainly attributed to the deflection at the fibre-matrix 
interface, crack bridging and fibres pull-out (Fig. 2. 17). When a crack is formed, the 
reinforcement bridges it in its wake and pull-out does frictional work. These 
mechanisms can effectively stop the crack from further growth across the whole sample. 
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Weak fibre matrix interfacial bonding makes the fibre pull-out mechanism easier to 
occur, as strong bonding facilitates crack propagation straight through the fibres which 
eventually leads to low fracture toughness [134].  
 
Fig. 2. 17. Schematic of the reinforcement toughening: (1) crack deflection, (2) crack 
bridging and (3) fibre pull-out [135]. 
In CNT-reinforced composites, it is proposed that uncoiling and stretching of CNTs 
play the most significant role in enhancing the toughness [136]. During crack 
propagation, uncoiling CNTs in the wake are stretched and act as bridges, stopping 
further propagation (Fig. 2. 18). In the case of facing to larger forces, pull-out 
mechanism can act as another process to prevent further growth of cracks (Fig. 2. 19), 
all resulting in tougher composite.  
 
Fig. 2. 18. Schematic and actual SEM images of crack propagation (a) and the bridging 
mechanism (b) [24, 137, 138]. 
53 | P a g e  
 
 
It is claimed by Kothari et al. [137] that the hollow concentric graphitic structure of 
CNTs can result in much longer pull-out length in contrast with the solid carbon 
nanofibres, due to the easy sliding behaviour of the concentric CNT as a result of weak 
Van der Waals forces between its layers (Fig. 2. 19). The strengthening of such 
composites is significantly dependant on the effective load transfer from the matrix to 
nanotubes during the mechanical loading. Homogenous dispersion of CNTs in the 
ceramic matrix and strong enough nanotube-matrix bonding are also vital in order to 
have a composite with improved mechanical strength and toughness [130]. 
 
Fig. 2. 19. Schematic and SEM images of the pull-out mechanism in carbon fibres (a), and 
CNTs (b) reinforced composites [137, 139]. 
To summarise, using CNTs as nanofillers with their high aspect ratio, superior 
mechanical strength and flexibility, and also excellent thermal and electrical 
conductivity, can potentially produce new functional materials by improving the 
intrinsic drawbacks of ceramics. They can offer a composite with outstanding 
toughness, as well as improved thermal and electrical properties. It has been shown that 
the electrical conductivity of alumina-CNT composites can reach up to twelve orders of 
magnitude higher in contrast with their monolithic counterpart. Also, recent studies 
have shown that the thermal conductivity of such nanocomposites shows anisotropic 
behaviour which makes them promising as thermal barrier layer in microelectronic and 
microwave devices, solid fuel cells and chemical sensors [130, 140]. All these reports, 
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emphasising on the importance of ceramic matrix nanocomposites and their 
applications, are the driving force behind the current work.  
Fabrication: 
Despite the fact that CNTs possess remarkable mechanical properties, their 
reinforcing effect in ceramic matrices is far below the expectations as the results of 
inhomogeneous dispersion due to their tendency to agglomerate, inadequate 
densification of composites and also poor wetting behaviour between CNTs and the 
matrix [130]. During mechanical deformation, individual CNTs within the cluster may 
slide against each other causing a drop in the load transfer efficiency. These clusters of 
CNTs also have negative effect on the composite toughness as they may minimize the 
crack bridging and pull-out effect significantly.  
Such difficulties in producing good quality ceramic matrix composites using 
CNTs as reinforcement are raised from specific fabrication processes [130]. To date, 
most CNT-reinforced ceramic nanocomposites have been fabricated by ex-situ mixing 
the ceramic powders with the pre-produced CNTs, followed by a secondary process like 
hot-pressing [2, 117], or spark plasma sintering (SPS) etc. [26, 141] for densification 
(Fig. 2. 20). For such procedures, synergy between the matrix and CNTs is generally 
poor and potential damage to CNTs remains an important issue, as both have negative 
effects on the resulting properties, especially on the mechanical properties [12]. These 
methods also need lengthy treatments at high temperature to densify the compacts, and 
such high temperature environments may oxidize CNTs, resulting in poor properties of 
final products [130]. The high cost of CNTs is another major issue of such procedures 
which restricts them for large scale applications [32]. These two methods will be 
introduced briefly due to their intense usage in producing alumina/CNT composites. 
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Fig. 2. 20. SEM images of nanocomposites fabricated from powder processing. (a) by SPS 
process [26]; (b) by hot-pressed method [2] 
i. Hot Pressing 
Hot pressing is a common process for powder metallurgy that uses high-pressure 
and low-strain-rate for the fabrication of a powder or powder compact at a temperature 
high enough to induce sintering process (Fig. 2. 21). For most alumina/CNT 
composites, CNTs are fabricated separately and by mechanically mixing them with 
micro and nano powder of alumina or under sonication to prevent agglomeration, 
composite powders will be formed which will be followed by a secondary process (hot-
pressing in this case) to produce the desired composite [20]. This approach will mostly 
result in poor dispersion of CNTs within the matrix. Recently, there has been a growing 
interest in in-situ production of CNTs on ceramic powder using mixture of alumina and 
transition metal/metal-oxide catalyst particles followed by CVD process. The produced 
powder containing CNTs and ceramic powder will then be subjected to hot pressing for 
the composites. The advantage of this process is direct incorporation of CNTs with the 
alumina matrix during the procedure [130].  
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Fig. 2. 21. Schematic of a hot pressing furnace [142]. 
However, hot pressing occur in high temperature (~1500 ˚C) damaging the CNTs and 
leading to the formation of disordered graphene sheets at grain boundary junctions (Fig. 
2. 22).  
 
Fig. 2. 22. SEM images of the production of amorphous carbons at grain boundary 
junctions of a composite as the result of high temperature involved in hot-pressing process 
[116]. 
High temperature extrusion is another possible way to consolidate the in situ composite 
powders as CNTs can stand high shear stresses. The extruded composite has higher 
densification (~90%) compared to hot pressed composites. It has been shown that CNTs 
prevent the ceramic grains from further growth and promote super-plastic behaviour 
during extrusion which leads CNTs to align preferentially along the extrusion direction 
(Fig. 2. 23) [143]. 
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Fig. 2. 23. (a) Photograph of composite created by extrusion during the early stage (left 
hand) and final (right hand) stage of the process, and (b) alignment of CNTs along the 
extrusion direction [143]. 
ii. Spark plasma sintering (SPS) 
SPS is a novel method to fabricate compact of ceramics and powdered metals at 
lower temperature (~1200 ˚C in the case of ceramic/CNT composites) and shorter 
reaction time compared to other conventional methods. Similar to hot-pressing method, 
precursors are loaded in a die and an uniaxial pressure is applied during the sintering but 
instead of using an external heating source, a pulsed direct current passes through the 
die that is electrically conductive and, if applicable, also through the sample. The die 
works as a heating source and the specimen is heated from both inside and outside (Fig. 
2. 24). In this process, the heat transfer from the die to the sample is very efficient. 
Consequently, the key factors of this method are the possibility of sintering fully dense 
samples using very fast heating rates and very short reaction time (minutes). The 
inventors of SPS claimed that the pulses generated spark discharges and even plasma 
between the powder particles, therefore spark plasma sintering gets its name [144]. 
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Fig. 2. 24. Schematic of a SPS apparatus [145] 
Zhan et al. have reported the successful fabrication of composite by blending and ball 
milling SWCNTs with alumina nanopowders followed by SPS at 1150˚C for 2-3 
minutes, and they have achieved a full density of 100%. The grain size of the composite 
was also observed to be considerably smaller than that of pure alumina. Therefore, 
CNTs can effectively retard the grain growth of alumina during spark plasma sintering 
(Table. 2. 2) [24].  
Table. 2. 2. SPS conditions and the resultant properties on alumina/SWNT composite [24]. 
 
Peigney et al. have claimed that the best combination of microstructure and mechanical 
properties can be obtained by using hetero-coagulation and SPS at lower temperature 
[2]. Poyato et al. have shown that sintering the colloidally dispersed composite powders 
at high temperatures (1550 ˚C) converted CNTs to disordered graphite, diamond and 
carbon-onions (Fig. 2. 25). This showed the temperature sensitivity of this approach and 
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explained why a balance between these parameters should be identified to avoid CNTs 
degradation  [146].  
  
Fig. 2. 25. High resolution TEM micrograph of SWCNT/alumina composite showing (a) 
aligned SWCNT bundle, (b) disordered graphite and some SWCNTs (arrows), (c) carbon 
nano-onions (arrows), and (d) diamond nanocrystals [146]. 
In summary, powder processing of nanocomposites mostly involves different 
stages which make the fabrication expensive and time consuming. The high processing 
temperatures, potential damage to CNTs, and long processing time for powder 
preparation and sintering are the main technical barriers. Parameters such as pressure, 
temperature and atmosphere are very sensitive and a close monitor of these parameters 
are required for desirable composite properties [12].  
2. 7. 4. Porous ceramic/CNT composite 
In-situ synthesizing composites, i.e., by direct growth of CNTs inside pores of 
engineering ceramics offers the potential to avoid many of the drawbacks arising from 
ex-situ processing, in addition to the advantages of offering short reaction times at lower 
cost [139, 147]. The open pore substrates are appropriate places for the in-situ growth of 
CNTs and, depending on the level of porosity and degree of filling of these pores, multi-
functional engineering ceramics can be resulted. By embedding catalyst particles inside 
very tiny pores, made by patterning process, followed by CVD, highly ordered CNTs 
can grow inside to form the composite, as shown in Fig. 2. 26 [139, 148]. Proper 
substrates are mostly mesoporous silica [28], silicon [29], or anodic aluminium oxide 
(AAO) membrane [30], and the deposition of carbon occurs on the internal pore surface 
of the matrix, copying the simple channel structures [31]. This technique features a 
simultaneous carbon deposition rather than a continuous nanotube growth; therefore the 
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shape and morphology of CNTs are restricted by the parent pore size and structures 
which are generally limited to µm to mm in thickness for the composites. These AAO 
templated deposition leads to a thin layer of composites, suitable for applications such 
as field emitters [149], nanocapacitors [150], and scanning probes [151]. Innovations to 
overcome the size limitations are required for this technique. 
 
Fig. 2. 26. Schematic of the fabrication method for highly ordered CNTs in ceramics [148]. 
2. 7. 5. Polymer/ceramic composite 
Cellular ceramics consists of different arrangements of space-filling polygons 
(cells), and can be classified into two broad groups of honeycombs and foams. In 
honeycomb, the cells form  a  two-dimensional array; whilst  foams are made of three-
dimensional arrays of hollow polygons [152]. Ceramic foams can be considered as 
linked networks of irregularly shaped open (or partly open) or closed (or partly closed) 
cell polyhedrons with a low fractional density. These porous network materials have a 
high number of interconnected pores [153, 154], resulting in high specific area, low 
density, high thermal resistance [155], low thermal conductivity and high flow and 
fluids permeability [156, 157]. As a result, these materials are promising for a wide 
range of applications, such as catalyst supports [158], filters for hot gases [159] and 
molten metals [42]. 
Polymer-ceramic composites are a rare class of functional materials. The high 
hardness, stiffness and wear resistance of ceramics combined with the excellent 
elasticity of polymer can be an advantage in commercial applications, but is limited by 
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the poor mechanical properties of ceramics [38-40]. This type of composites has a 
higher initial compressive strength and sustains larger deformations, in comparison to 
porous ceramics. Therefore, they may absorb energy more efficiently than both 
components separately, which makes them desirable for lightweight shielding or 
protective panels against impact loads.  
 
Fig. 2. 27. Optical images of a) SiO2.ZrO2/polymer, and b) SiC/polymer composite 
material [42]. 
 Mechanical properties: 
Using cellular ceramic (SiC and SiO2.ZrO2) and epoxy vinyl-ester resin to produce 
ceramic foam-polymer composite material, Gomez et. al [42] have reported a 50 to 200 
times improvement in the initial compression strength of the composites, due to the high 
stored elastic energy resulted from the incorporation of the polymeric material to the 
structure. Based on their results, infiltration of polymeric material to the ceramic 
structure improves the elastic behaviour via awarding a physical joint among the 
reinforcement and ceramic matrix. They proposed two dominating factors that 
determine the behaviour of the composite: the interface and wettability. If the polymer 
does not completely fill the matrix pores, the remaining voids will act as a stress 
concentration point, reducing the compression strength. If the adherence at the interface 
is not strong enough, the material will tear, again leading to strength reduction.   
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Fig. 2. 28. Compression stresses of a) SiO2.ZrO2/polymer and b) SiC/polymer [42]. 
Wear test evaluation is based on the composite weight loss against wear distance. In 
a general ball-disc testing, these composites show an abrasive wear. The wear behaviour 
in small sliding distances is owing to selectively taking materials which forms a 
protective film on the ball surface. When a critical distance is reached, a blade effect 
occurs and the take-off particles are joined up to accelerate the wear process [42].  
 
Fig. 2. 29. Variation in weight loss of ball as a function of sliding distance for a) 
SiO2.ZrO2/polymer and b) SiC/polymer [42]. 
It is also possible to infiltrate the porous ceramics with thermoplastic materials. 
Boczkowska et al. [40, 41, 160, 161] have published several reports studying the 
properties of ceramics infiltrated by urea-urethane elastomers. Their composite presents 
high compression strength along with the ability to sustain large deformation. This is 
because the elastomer exhibits the rubber elasticity and deforms after the ceramic lost 
its cohesion (Fig. 2. 30) [41].  
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Fig. 2. 30. (a) Microstructure of the ceramic-elastomer composite, (b) crack propagation in 
composite after compression test, (c) cracked ceramic matrix stuck by the elastomer [41], 
and (d) stress-strain graph of porous ceramic, elastomer and ceramic-elastomer composite 
[40]. 
Although during compression test, micro-cracks occur in their composite (Fig. 2. 
30b), the composite maintain cohesion (Fig. 2. 30c) and dissipate mechanical energy 
[40]. This energy absorbing capacity under compressive conditions is comparable to 
some aluminium foams [162], and other energy absorbing composite structures [163, 
164]. The high compression strength of composite is the result of crack energy 
dispersion by the elastomer which deflects cracks propagation through the ceramics.   
Moreover, it is important to add that the elastomer-ceramic composites display 
electrical and chemical properties of the ceramic matrix, which makes them useful for a 
host of sensor and actuator applications, such as piezoelectric polymer-ceramic 
composites for strain monitoring and hydrostatic sonar sensors [160, 165]. 
Addition of CNTs into such composites as a reinforcement can potentially lead to 
further improvement in their properties. Currently, there are no reports available for 
(a) (b) 
(c) 
(b) 
(d) 
(b) 
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such functional material (polymer-ceramic-CNT) to be mentioned here, and this will be 
a research subject of this thesis.   
2. 8. CNT nanofiltration properties 
Pollution crisis caused by human activities counts as a major problem all around the 
world, especially in industrial regions and metropolises. The pollutions into the air and 
water represent a threat to human health and the surrounding natural resources, affecting 
the lives of millions of people. Inhaling polluted air, particles in the air enter the body. 
While micronized particles can be captured by nostril hairs, submicron and nano-sized 
particles can reach the lungs and subsequently remain in the alveoli and cause 
respiratory problems [166].  
Clean water (free of toxic chemicals and pathogens) plays a vital role in human 
health, and is a critical feedstock for a variety of industries including pharmaceuticals 
and food [167]. Difficulties in removing organic (such as bacteria and viruses) and 
inorganic (such as heavy metal ions) contaminations from water have challenged 
researchers to meet the rising demands for clean water. Waste waters from many 
industries including metallurgical, mining and battery manufacturing industries etc. 
contain one or more toxic heavy metal ions. As these contaminations are non-
degradable they can accumulate in living tissues. There has been increasing concern and 
more stringent regulation standards pertaining to their discharge and removal from 
aquatic environment [168].  
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Table. 2. 3. Physical properties of carbonaceous nanomaterials and their related 
environmental applications [45]. 
 
Innovations and advances in nanotechnology and nanomaterials have the ability to 
address many of the above issues. Among these, carbonaceous nanomaterials in both 
individual and bulk configurations have already opened their way towards many 
environmental applications (Table. 2. 3). In particular, CNTs have shown great 
absorbing properties due to their high aspect ratio and large specific surface area. This 
makes them promising for applications in absorption, filtration and separation industries 
in both gaseous and aqueous systems [9, 10, 36, 169]. 
2. 8. 1. Air particulate filtration 
Heating, ventilating and air conditioning (HVAC) air filters are intended for air 
purification work in dark, damp and ambient temperature conditions provide ideal 
conditions for bacterial and fungal attacks. The situation becomes worse when these 
micro-organisms adhere to the accumulated dust on the filter and consume the 
accumulated dust as food and proliferate. As a result, there will be an unpredictable 
deterioration of quality of air and the production of bad odours. Using CNTs with their 
antibacterial property, a nanofilter with improved mechanical properties and efficiency 
could be produced. Such nanofibrous filtering media can be used where high-
performance air purification is required like in hospitals, healthcare facilities, research 
labs, electronic component manufacturers, military and government agencies, food, 
pharmaceutical and biotechnology companies [170].  
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The contaminants during air filtration are complex mixtures of particles and most 
of them are usually smaller than 1000 μm in diameter. Fibrous filters are usually 
fabricated using fibres of diameters about a few dozen micrometres containing 80–90% 
porosity. Such structure allows for a high efficiency removal of submicrometre and 
micrometre particles with a relatively low resistance to the air flow. However, there is a 
critical particle size that a filter does not filtered out as efficiently as other particles, 
which is called the most penetrating particle size (MPPS). The fibrous filter efficiency 
achieves a minimum for this particle size which is usually between 0.1 and 0.5 µm 
[170]. The minimum efficiency shown in Fig. 2. 31 is contributed to the filtration 
efficiency of MMPS [171]. Theoretical predictions and preliminary investigations of 
Podgórski et al. have indicated that significant increase of the filter efficiency for the 
MPPS can be achieved by only a slight rise of the pressure drop using the nanometre 
fibres to produce the fibrous filters [172].  
 
Fig. 2. 31. Collection efficiency of the molecular capture mechanism as a function of 
particle size. The minimum efficiency is contributed to the MPPS [173]. 
 Halonen et al. [8] fabricated a three-dimensional CNT scaffold particulate filter 
using micromachined Si/SiO2 template. They reported an efficiency of better than 99% 
for particles 0.3 µm using ambient air for testing, and believed that the very high 
efficiency was attributed to the high density packing of CNTs. The configuration of 
their filters is shown in Fig. 2. 32. 
67 | P a g e  
 
 
 
 
Fig. 2. 32 SEM images of various CNT membranes grown on microstructured and 
oxidized Si chips: synthesis times of (a) 0, (b) 20, (c) 30, and (d) 40 min. (e) Pressure drop 
vs flow rate of nanotube membranes. Samples with longer growth time show decreased 
permeability due to the tortuous CNT films and closed up macroscopic holes [8]. 
Park and Lee [174] first grew CNTs (20 to 50 nm diameter using CVD method) 
on micron-sized stainless steel fibres, then evaluated their air particulate removal 
performance using sodium chloride (NaCl) as the test particles. They improved the 
efficiency from 75% up to 98% by the fabrication of web-like CNTs on their fibres. 
Similar results have also been reported by Park’s group using glass fibre [175]. 
(e) 
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Fig. 2. 33. (a and b) SEM images of NaCl particles collected onto the filter [174]. 
Performance comparison of the raw metal filter and the metal-CNT-filter. (a) Pressure 
drop is not significantly changed by the direct growth of CNTs. (b) Filtration efficiency 
increases by the CNT growth [36]. 
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Fig. 2. 34.  (a) Pressure drops, (b) particle filtration efficiencies for glass fibre-CNT filter 
[175]. 
2. 8. 2. Biological contamination filtration 
Biological contaminants form a large portion of the drinking water 
contaminants, both in terms of number and probability of occurrence in the treatment 
plant. High efficiency filtration of such contaminations has been achieved using 
membranes in polymer, ceramic or metal forms [176]. Polymer membranes are fragile 
and less durable, and they need to have submicron nominal pore sizes for micro and 
nanofiltration [176]. In conventional membrane filters used in water filtration, strong 
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bacterial adsorption on the membrane surface affects their physical properties and 
hinders their reusability. It is suggested that using CNTs in membranes can be an 
effective way of making a practical hybrid filter with exceptional robustness for reuse. 
Limited practical studies have demonstrated the use of CNTs for this purpose. The high 
efficiency of CNTs in filtering micro-organisms from aquatic systems can be explained 
by their high surface areas and large aspect ratios. The agglomeration of highly densely 
packed CNTs forms microporous and mesoporous networks with the right pore sizes to 
immobilize contaminants via physisorption [32]. In addition, the microbial cytotoxicity 
of CNTs also plays a partial role in their filtration performance [10]. The high thermal 
stability of CNTs is another factor which allows for higher operating temperatures 
(~400 ºC), compared to the conventional polymer membrane filters (~52 ºC) [9]. A 
simple ultrasonication and autoclaving (~121 °C for 30 min) was found to be enough 
for cleaning these filters for reuse [9]. 
Brady-Estevez et al. deposited CNTs on a microporous ceramic filter (5 µm pore 
size) in order to immobilize them and increase the filter permeability. They 
demonstrated their filters for the removal of viral and bacterial pathogens, with 
extremely high efficiencies [10]. 
 
Fig. 2. 35. SEM images of a) the cross-section of SWCNT layer and b) E. coli cells on the 
base membrane [10] 
Srivatava et al. have produced a cylindrical membrane filter with aligned CNTs 
(Fig. 2. 36) for the removal of hydrocarbons from petroleum wastes, and for as the 
(b) 
(b) 
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removal of viruses and bacteria from water. Their filter was fabricated by pyrolosis of 
pre-sprayed benzene and ferrocene into a tube quartz mould at 900 ˚C [9]. 
   
Fig. 2. 36. Cylindrical membrane filter made by aligned CNTs for removing hydrocarbons 
from petroleum wastes and bacteria and virus separation from water [9]. 
Akasaka and Watari showed that SWCNTs and thin MWCNTs (~30 nm) which 
are moderately flexible can be easily wound around the curved surface of Streptococcus 
mutans (Fig. 2. 37) and be used as a tool for elimination of oral pathogens at nano-level 
[177]. There are other similar reports using CNTs for filtering bacteria and viruses (Fig. 
2. 38) using several steps. First the CNTs were dispersed in a solution contain the bio-
contaminants, followed by shaking the suspension for a long enough time to allow the 
adsorption to complete, then the CNTs were removed using a paper filter or a suitable 
membrane.  
 
Fig. 2. 37. SEM images of bundles of SWCNTs wound around S. mutans (a); the bacteria 
adhered to the meshwork comprising bundles of SWCNTs (b); 30-MWCNTs wound 
around bacteria (c); 200-MWCNTs adhered but did not wind (d); The white arrows 
indicate CNTs. The black arrows indicate fibrous substances produced by bacteria [177]. 
72 | P a g e  
 
 
 
Fig. 2. 38. SEM images of E. coil cells exposed to MWCNTs (a) and SWCNTs (b) [178] and 
also Salmonella cells exposed to acid treated (-COOH) SWCNTs (c) MWCNTS(d)  [179]. 
2. 8. 3. Heavy metal ions adsorption  
The pollution of water resources due to the indiscriminate disposal of metal ions 
has been causing worldwide concern. In this regard, CNTs have been the subject of 
many studies which have tried to remove such contaminations from wastewater. 
Examples include the removal of Cu, Pb, Cd [180], Zn, Mn, Co [33], Ni [181], Cr 
[182], Hg [183] and U [184] ions. 
Sorption mechanism of heavy metals by CNTs is more a chemisorption process 
rather than physisorption as the chemical interaction between the metal ions and the 
surface functional groups of CNTs (formed during oxidation) is the dominating 
mechanism compared to electrostatic attraction and sorption–precipitation [185]. 
Consequently, the chemical and thermal treatments during functionalization procedure 
have leading effect on the capability of CNTs for metal ions removal, and their 
adsorption behaviour is mainly determined by the nature and concentration of the 
surface functional groups. Table. 2. 4 summarizes the adsorption capacity of different 
functionalized CNTs synthesized with different carbon sources and catalysts. 
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Table. 2. 4. Maximum sorption capacities of divalent metal ions with CNTs [185] 
Metal ions Sorbents STA STB qm ref. 
Ni
2+ 
SWCNTs  0.54 0.23 9.22 [181] 
 
SWCNTs 
(NaOCl)  
4.42 0.35 
47.85 
 
 
MWCNTs  0.44 0.19 7.53 
 
 
MWCNTs 
(NaOCl)  
3.06 0.31 
38.46 
 Pb
2+ 
CNTs (HNO3)   
 
[180] 
 
Xylene–Fe  1.63  14.8 
 
 
Benzene–Fe  1.65  11.2 
 
 
Propylene–Ni  4.04  59.8 
 
 
Methane–Ni  4.31  82.6 
 Zn
2+ 
SWCNTs    11.23 [186] 
 
SWCNTs 
(NaOCl)  
  
43.66 
 
 
MWCNTs    10.21 
 
 
MWCNTs 
(NaOCl)  
  
32.68 
 Cd
2+ 
As-grown CNTs    1.1 [187] 
 
CNTs (H2O2)  2.52  2.6 
 
 
CNTs (KMnO4)  3.36  11 
 
 
CNTs (HNO3)  4.04  5.1 
 
STA = surface total acidity (mmol/g), STB = surface total basicity (mmol/g), 
qm = maximum sorption capacity (mg/g). 
Different terms and aspects of heavy metal ions adsorption over CNT are well 
studied and reports have well-covered effective parameters on it. For example, 
increasing sorption temperature results in a significant rise in the sorption capacity 
which shows that it is an endothermic reaction [188, 189]. It is obvious that increasing 
mass of CNTs results in higher adsorption percentage of metals due to availability of 
more sorption sites. However, this increase is limited up to a certain value [190]. 
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It is shown by Li et al. [188] that the sorption capacity of Pb
2+
 onto CNTs will 
increase quickly with contact time and then slowly reaches equilibrium. It is apparent 
that the equilibrium would be reached faster at lower heavy metal concentrations as at 
such low concentrations the sorption site adsorbed the available metal ions more rapidly 
[190, 191]. 
 Waste waters from many industries such as metallurgical, chemical and battery 
manufacturing industries contain more than one toxic heavy metal ions. Thus, running 
test in competitive condition is more close to the real world situations. Li et al. [34] 
studied the individual and competitive sorption of Pb
2+
, Cu
2+
 and Cd
2+
 ions onto HNO3 
oxidized CNTs. The sorption capacities of CNTs for the three metal ions are in the 
order of Pb(II) > Cu(II) > Cd(II) and the competitive sorption of metal ions also follows 
the same order. These results do not confirm the affinity order of 
Cu(II) > Pb(II) > Co(II) found by Stafiej and Pyrzynska as the result of different 
synthesising method and functionalization processes (Table. 2. 4) [33].  
 Finally, in order to justify the high initial cost of nanofilters and introduce them 
as a practical solution for challenges in wastewater treatment, it is important to show 
their reusability. Liang et al. [192] claimed that the Cd
2+
, Mn
2+
 and Ni
2+
 ions could be 
effectively desorbed from the MWCNTs by a 1.0 mol/L HNO3 solution and the 
performance was stable up to 50 adsorption–elution cycles without obvious decrease in 
the recoveries for the studied ions. Chen and Wang [193] found that the Ni
2+
 desorption 
can ultimately reach 93% at pH < 2.0. Li et al. [188] showed that desorption of the Pb
2+
 
increased with decreasing pH of the regeneration solution and reached 100% Pb
2+
 
desorption from CNTs using HCl or HNO3 solutions at a pH of 2.0.  
In all these reports, metal ions removal has been performed by soaking loose 
CNTs into solutions for several hours before being collected using a filter paper, which 
is slow, time consuming and less controllable [34, 189, 194]. Thus, the immediate 
technological challenge is how to convert the proven excellent adsorption behaviour of 
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loose CNT powder into a cost effective and viable filter for specific applications which 
is another concern of the current work.   
2. 8. 4. Other CNT filtration applications 
There are also many other reports revealing the successful use of CNTs in 
filtering applications. Some of them will be briefly introduced here. 
Gui et al. have successfully synthesised a sponge with CNTs which can clearly 
reflect the great adsorption property of this carbon cluster [195]. They fabricated a 
sponge-like bulk material of self-assembled, interconnected carbon nanotube skeletons 
with a porosity of >99% and a density close to the lightest aerogels. Their sponge shows 
high structural flexibility and robustness and also wettability to organics. As they have 
claimed, their sponge has the ability to be deformed into any shapes elastically and 
compressed to large-strains repeatedly in air or liquid without collapse (Fig. 2. 39). 
   
Fig. 2. 39.  (a) A monolithic sponge with a size of 4 cm× 3 cm× 0.8 cm, (b) a cross-sectional 
SEM image of the sponge, (c) TEM image of CNT shows their thin and god quality, (d) 
illustration of sponge and its open pores, (e) comparison between polyurethane and CNT 
sponges in which the CNT sponge floating on the top while the polyurethane sponge has 
sunk after adsorbing water, (f & g) flexibility of the sponge is shown after bending and 
twisting three round turns without breaking, and (h) densification of the cubic shape 
sponge into a small pellet and its full recovery to first shape after adsorbing ethanol [195]. 
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This sponge absorbs a wide range of solvents and oil with outstanding selectivity, 
recyclability, and adsorption capacities up to 180 times of their own weight. It is 
claimed that one small densified pellet floating on water surface can rapidly eliminate a 
spreading oil film with an area of up to 800 times that of the sponge showing the 
promising potential environmental application of CNTs such as water remediation and 
large-area spill clean-up (Fig. 2. 40) [195].     
 
Fig. 2. 40. Large area oil clean-up demonstration. A diesel oil film with an area of 227 cm
2
 
and 2 grams in total weight spreading on water and the densified sponge (pellet shape) 
placed in the centre (left panel). The cleaned water surface after complete oil removal 
process is shown in the middle. The images on right hand side illustrate the change in 
volume and shape of sponge after adsorption form a 6 mm diameter spherical pellet to a 
rectangular monolith (2 cm× 1.4 cm× 0.6 cm) [195]. 
 Lee and Baik have also fabricated a nanotube membrane filter with ability to 
separate diesel and water layers, surfactant-stabilized emulsions, and also phase 
separation of the high viscosity lubricating oil and water emulsions (Fig. 2. 41). They 
fabricated their filter on stainless steel mesh using sandwich-like catalyst layer of iron 
deposited on the mesh using an electron beam evaporator followed by a CVD process 
[196]. 
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Fig. 2. 41. SEM and optical images of a stainless steel mesh before and after the synthesis 
of nanotubes (a, b and c), and separation of diesel from water using the membrane (d and 
e) [196]. 
Chen et al. have shown that the adsorption capability of oxidized CNTs (O-
CNTs) for nicotine and tar from mainstream smoke (MS) is very high and by adding 
about 20-30 mg of them into the filter tips of cigarettes, it can prevent entrance of these 
harmful materials into the human body [197].  
  
Fig. 2. 42. TEM images of O-CNTs before (a) and after (b) adsorption of tar in the MS, 
and (c) the removal efficiency of tar (ηtar) as a function of O-CNTs mass (Mo) [197]. 
2. 9. Toxicity of CNTs 
Nanomaterials are part of an industrial revolution to develop lightweight but 
strong materials for a variety of purposes. CNTs are an important member of this class 
of materials. CNTs are very light and could become airborne and potentially reach the 
lungs. Lam et al. [198]  have exposed mice to SWCNTs in order to study the effect of 
these nanomaterials. Their results show that high doses of CNTs are toxic if they reach 
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the lungs. They claimed that mice exposed to low dose (0.1 mg per mouse) of CNT 
(containing Ni and Y) showed no overt clinical signs. However, 5 of the 9 mice treated 
with high dose (0.5 mg) of CNT died. All deaths occurred 4 to 7 days after instillation 
of the CNT. Fig. 2. 43 shows photograph of lungs of mice before and after exposure to 
CNTs. 
 
Fig. 2. 43. Lungs from mice instilled with 0.5 mg of a test material per mouse. (A) Serum 
control. (B) CNT. The portions of the lung receiving CNT have an abnormal appearance 
[198].  
CNTs can penetrate into bacteria, damage the cytoderm and prevent the growth 
(Fig. 2. 44a) [199]. Animal models have  shown that CNTs induce inflammation, 
oxidative damage and granuloma by different direct exposure ways [200]. There is also 
a concern about their indirect entrance into the food chain and endangering the 
downstream lives as well (Fig. 2. 44b) [201]. However, as it was mentioned, low 
amount of CNTs are nearly nontoxic [32, 201] and considering their capability in 
removing contaminants with much higher toxicity (such as lead [33], mercury [183] and 
uranium [184]), one can still justify their usage as an environmental solution.  
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Fig. 2. 44. (a) Penetration of CNTs in bacteria has inhibited their growth [199], and (b) 
harmful effect of CNTs on Daphnia magna (large numbers of tubes filling the gut track at 
45 min and 1 h) [202]. 
2. 10. Summary 
In this chapter, the overall characteristics, the synthesising methods, the 
outstanding properties, and the potential applications of CNTs and relevant composites 
are described in details. In particular, attention was focused on the role of CNTs in 
reinforcing composites and on novel filtration applications. Based on the literature 
survey, the research work in this thesis was aimed to produce ceramic base composites 
with CNTs as nanofillers, considering both filtration and mechanical properties in an 
industrial scale. Details concerning the fabrication, mechanical properties and filtration 
efficiency of the composite will be documented in the following chapters. 
The main objectives of this thesis can be summarized as follows: 
 Fabrication of ceramic-CNT composites  
 Fabrication of polymer-ceramic-CNT composites  
 Measuring mechanical properties of the produced composites 
 Evaluation of the filtration efficiency of ceramic-CNT composites in the 
removal of different sources of contaminations 
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Chapter 3: Experimental methodology 
3. 1. Introduction 
The experimental procedures used for the fabrication and characterisation of the 
functional materials presented in this thesis will be discussed in this chapter. This 
includes information such as chemicals and materials, techniques, synthesis procedures, 
sample preparations for tests and test parameters.   
First section concerns the in-situ CNT fabrication inside different ceramic matrixes 
(porous ceramic and ceramic foam). The next part explains the infiltration of the 
prepared low density ceramic (or ceramic foam) composites with two sets of polymers 
(thermoset: epoxy resin and thermoplastic: Polyamide 12). These sections provide a 
generic experimental information about the synthesising procedures including the 
equipment and chemical precursors used. Then, the filtration and mechanical properties 
of the prepared ceramic-CNT composites will be evaluated. Detailed technical 
information related to each specific experiment will be further explained in the relevant 
chapters.   
3. 2. In-situ fabrication of high density ceramic-CNT composite 
3.2.1. Materials 
Porous alumina, with a porosity of 76% and an average pore size of 100-150 µm 
(supplied by Dyson Technologies) was used as the matrix, to support the CNT growth 
(Fig. 3.1). 
   
Fig. 3.1. (a) Photograph and (b) SEM image of an alumina brick (10×10×15 mm) used as 
the substrate for CNT growth. 
(a) 
(b) 
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A wide range of carbon sources and catalysts were used in order to find the best 
match suitable for the in-situ growth of CNTs inside the porous alumina. List of these 
materials are shown in Table. 3. 1. These materials are listed in Table. 3. 1. They were 
all purchased from Sigma-Aldrich, UK.  
Table. 3. 1. List of catalysts and carbon sources tested for the in-situ growth of CNTs 
inside porous alumina in order to find out the most effective matches for nanocomposite 
fabrication. 
Catalyst  Carbon source 
Ferrocene Ferrocene 
Co nanoparticles  pitch 
Co(NO3)2 styrene 
Ni(NO3)2 camphor 
 
Physical properties of most important carbon sources which were extensively studied in 
this experimental work are listed in Table. 3. 2. 
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Table. 3. 2. Physical properties of ferrocene, styrene and camphor [203] 
 Ferrocene Styrene Camphor 
Chemical 
formula 
C10H10Fe C8H8 C10H16O 
 
Molecular 
structure 
 
 
 
Molar mass 186.03g/mol 104.15 g/mol 152.23 g/mol 
Appearance light orange powder 
colourless oily 
liquid 
White, translucent 
crystals 
Density 1.490 g/cm
3
at 25 °C 
0.906 g/cm³at 25 
°C 
0.992 g/cm
3
 at 25 °C 
Melting 
point 
172 °C -30 °C 175 °C 
Boiling 
point 
249 °C 145 °C 204 °C 
Solubility 
Insoluble in water, 
soluble in most organic 
solvents 
Insoluble in water 
1.2 g dm
−3
 in water, 
~2500 g dm
−3
 in 
acetone 
3. 2. 2. Sample preparation 
A wide range of temperatures (from 700 up to 1200 ˚C) were examined in 
accordance with each of carbon sources and catalysts. Carbon sources were introduced 
into the reaction chamber in two methods: injected into the furnace following 
conventional CVD process, and also placed inside the porous ceramic as solid carbon 
source (in the case of camphor) or very viscous source (in the case of pitch). Catalysts 
were used as both metal powders suspended in solution and also metal salts soluble in 
water and acetone. Eventually, use of camphor (C10H16O, 96%, Sigma-Aldrich) as the 
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carbon source, and nickel (II) nitrate hexahydrate crystals (Ni(NO3)2·6H2O, Sigma-
Aldrich) as the catalyst lead to the best results. 
Since both the catalyst and precursor are soluble in acetone, a solution of both 
materials was simply prepared. After repeatedly dipping the alumina bricks (10×10×15 
mm) in the solution and then evaporating the acetone under a fume cupboard, a sample 
containing the carbon source and catalyst was obtained, which could be handled and 
processed easily. The alumina samples were then put into a quartz working tube in a 
pre-heated horizontal tube furnace at 850 °C under H2 (Fig. 3. 2). After 3 minutes 
exposure time, the furnace was turned off and cooled down to room temperature under 
flowing Ar. 
 
Fig. 3. 2. Schematic of  the CVD set-up for the synthesis process 
3. 3. In-situ fabrication of low density ceramic-CNT composite 
3. 3. 1. Materials 
 In order to fabricate low density ceramic-CNT composite, camphor and styrene 
as the carbon source and ferrocene and nickel nitrate as catalyst were extensively used 
and effects of different growth conditions utilizing them were studied. Similar to 
previous experiment, ultimately, camphor (C10H16O, 96%, Sigma-Aldrich) was used as 
carbon source and nickel (II) nitrate hexahydrate crystals (Ni(NO3)2·6H2O, Sigma-
Aldrich) as the catalyst. Porous filter ceramics of two different pore sizes (300 and 500 
μm, purchased from Dynamic-Ceramic Ltd) with chemical composition of 81% Al2O3, 
14% SiO2, 2.5% K2O and Na2O and 2.5% other minute oxides (TiO2,Fe2O3, MgO, CaO 
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and Cr2O3) were used as the matrix to support the CNT growth. A photograph and an 
SEM image of the ceramic are shown in Fig. 3.3.   
        
Fig. 3.3. (a) Photograph (disc o.d. 27 10 mm) and (b) SEM image of ceramic used as the 
substrate for CNT growth. 
3. 3. 2. Sample preparation 
This time carbon sources were only precisely injected into the furnace but 
catalysts were both injected during experiment and placed on ceramic foam prior to the 
experiment. A wide range of temperatures (from 600 to 1100˚C) and carbon source 
injection rates (from 0.4 to 5 ml/h) were examined along with different hydrogen flow 
rates (from 0.1 l/min to 0.7 l/min). These experiments were carried out for different 
durations from 1 hour up to 6 hours. Effect of the addition of various amounts of 
ferrocene (from 0.2 wt.% to 2 wt.%) and nickel nitrate in the carbon source solution for 
possible increasing the CNT yield were also studied. The optimum combined condition 
for the CNT growth on a ceramic foam was eventually found to be at a H2 flow rate of 
0.30 l/min and carbon source injection rate of 0.8 ml/h and at 780˚C. Fig. 3. 4 presents 
an illustration of the CVD set-up used in this experiment for the in-situ fabrication of 
CNTs on a fitted ceramic foam inside quartz tube. 
(a) (b) 
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Fig. 3. 4. A schematic of the sample preparation and experimental set-up for the in-situ 
fabrication of CNTs on a fitted ceramic foam inside quartz tube.  
 In order to fabricate the ceramic-CNT composite, first, 1 wt. % Ni(NO3)2·6H2O 
was solved in acetone to form a solution, and porous ceramics (o.d. 27  10 mm) were 
dipped in the solution in order to introduce the catalyst onto the surface of the pores. 
After the evaporation of the acetone under a fume cupboard, the ceramic matrix 
containing Ni(NO3)2·6H2O was then placed in a quartz working tube (i.d. 27 mm) in a 
horizontal tube furnace. Second, after air was flushed out of the quartz tube using Ar, H2 
was introduced into the furnace at a flow rate of 0.3 L/min. Third, after 30 min 
reduction heating at 780ºC, a camphor acetone solution (40 vol. %) as the carbon source 
was injected using a syringe pump into the reaction quartz tube, at a rate of 0.8 ml/h and 
continued for 90 min. Finally, the furnace was cooled down to the room temperature, to 
obtain the composite filter.  
For samples later used in filtration experiments, i.e. 300 and 500 µm pore sized 
samples, two sets of functionalized techniques were used to prepare the CNT filter 
samples: 
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1. Oxidized at 400 ˚C in air for 2 h. Ceramic-CNT composites were placed inside a 
quartz tube in furnace at 400˚C while compressed air was used as carrier gas at 
0.1 L/min rate. 
2. Functionalized in preheated nitric acid solution (70%) at 100˚C for 30 min. 
Nitric acid was poured in a beaker and placed on a hot plate. Hot plate 
temperature was adjusted in a way that nitric acid temperature inside baker to be 
100˚C (nitric acid boiling point: 120.5˚C). A baker contain cold water was also 
placed on top of acid dish. Fig. 3. 5 schematically shows the set-up for the 
functionalization of CNTs. 
 
Fig. 3. 5. A schematic of the acid functionalization process of the ceramic-CNT filters 
3. 4. Filter tests preparation  
 Three types of filter assessment were carried out: removal of model bio cells, 
heavy metal ions and airborne particulates.   
 The model yeast Saccharomyces cerevisiae, BY4741 [204], was grown 
to mid exponential phase in YEPD complete media (1% Yeast extract, 
2% Peptone, 2% Glucose).  Cells were harvested by centrifugation and 
re-suspended in phosphate buffered saline at a concentration of 1×10
7
 
cells/ml.  After filtration, number of cells in the flow through was 
determined by haemocytometer counts. 
 Analytical grade chloride of iron, copper, cobalt, manganese and zinc 
(Sigma-Aldrich) were used to prepare stock solution of heavy metal ions 
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with 1000 mg/l concentration of each of the four metals, which were 
further diluted to the required concentration before use. The 
concentrations of metal ions were evaluated by an inductively coupled 
plasma mass spectrometry (ICP-MS), on a machine of an Agilent 7700x 
series. 
Liquid filtration experiments were carried out by placing the 
nanocomposite filter in a centrifuge tube and injecting the yeast or heavy 
metal ions solutions onto it at specific injection rates (Fig. 3.6). Effect of 
different filter lengths and injection rates were later investigated. 
 
Fig. 3.6. Experimental set-up for yeast and heavy metal filtration. 
 Particulate filtration from air: A Lighthouse portable airborne laser particle 
counter (SOLAIR 3100) was used to record an ambient air passing through the 
filter, monitoring the concentration of particles ranging from 0.3-10 µm in outlet 
gas. The placed filter on its inlet was carefully wrapped with thin plastic layer in 
order to make sure air sucked just from the top surface (Fig. 3.7). Number of air 
particles counted in the laboratory before filtration is shown in Table. 3. 3. 
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Fig. 3.7. Lighthouse portable airborne laser particle counter (SOLAIR 3100) with filter 
placed on its inlet. 
Table. 3. 3. Number of air particles before filtration 
Particle size 0.3 µm 0.5 µm 1 µm 5 µm 10 µm 
air 25,387,145 1,652,726 372,852.2 10,453.1 6,639.2 
3. 5. Polymer-ceramic composite reinforced with CNT 
By infiltrating the composite filter (with 500 µm pore size) prepared in the previous 
section with two different types of polymer (one thermoset and one thermoplastic), a 
new class of functional material was produced. The infiltration processes are described 
below. 
3. 5. 1. Epoxy resin-ceramic-CNT composite 
The starting material for this procedure is the same porous ceramic-CNT composites 
produced earlier. In order to successfully infiltrate the samples with polymer, it is 
important to functionalize the nanotubes grown on the ceramic substrate at first. The 
acid functionalization process that was used earlier (Fig. 3. 5) was again utilized for this 
purpose. An epoxy resin, bisphenol-A diglycidyl ether (DGEBA), epoxide equivalent 
weight 172-176, (Sigma-Aldrich) was used for the infiltration to make the composite. 
DGEBA was mixed with a 10 wt.% polyethylene oxide (PEO) (average molar weight 
Mv=100000, Sigma-Aldrich) as modifier at 80˚C. Then, the curing agent (4,4′-
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diaminodiphenylmethane (DDM), Sigma-Aldrich) was added in a stoichiometric amine-
epoxy ratio with continuous stirring at 80˚C until a homogeneous blend was achieved. 
Then, it was tried to infiltrate the polymer into the ceramic. At first, a silica mould was 
used to do the infiltration (Fig. 3. 8).  
 
Fig. 3. 8. Silica mould made for infiltration of epoxy resin into the ceramic matrix. 
Then, another mould was designed which could cover the disadvantages of the silica 
mould and improve the degree of filling. This mould requires an extra part which could 
provide additional amount of polymer for sample to be gradually fed into the substrate 
during infiltration; unlike the silica mould that could not provide this amount of resin. 
The extra required polymer placed in part of mould called bank (Fig. 3. 9b part III). It is 
when ceramic substrate placed in part II, and part I provides a passage way for air to 
leave the mould. At this stage, the mould was left in a vacuum chamber upside down for 
a day to remove the air imprisoned inside the sample. After vacuum process, 
mechanical force caused by turning the screw, applies the pressure to the remaining of 
polymer in the bank to flow through the ceramic and removes the remained cavities 
inside the substrate and improves the degree of filling. And finally, sample was cured in 
oven at 140˚C for 3 hours.   
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Fig. 3. 9. Photograph of the aluminium mould used for the infiltration of polymer inside 
ceramic matrix (a); and schematic of mould showing three parts of mould: part I: the 
passage way for air to be sucked out in vacuum chamber, part II: where ceramic located 
inside the mould, and part III: the bank for required amount of polymer which will be 
injected after 24 h vacuuming by turning the screw.   
Samples were taken out of mould using a hydraulic press by pushing a bar from top of 
the alumina mould (Fig. 3. 9, part I). Plain ceramics have also been infiltrated with the 
polymer using the same procedure, for comparison purposes. Fig. 3. 10 shows the final 
samples after infiltration. The pink sample is epoxy resin-ceramic sample and the black 
one is epoxy resin-ceramic-CNT composite. The long yellow part belongs to part I of 
Fig. 3. 9 that was the passage way for air molecules to leave the mould; and the extra 
polymers at the bottom of the samples are the additional epoxy resins provided in the 
back of mould (Fig. 3. 9, part III) which have been shaped by the screw. These parts are 
very thin and shell like and could be easily broken and removed from the samples.  
 
Fig. 3. 10. Optical images of samples after infiltration with epoxy resin. 
a) b) 
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 Before any experiments, samples were carefully polished with different grit 
papers (80, 120, 240, 600 and 1200) in order to remove the excessive polymer from the 
surface and to create a uniform flat surface containing polymer, ceramics and CNTs for 
a reliable result (Fig. 3. 11). 
 
Fig. 3. 11. Photograph of samples after polishing without (left) and with (right) CNTs. 
3. 5. 2. Polyamide-ceramic-CNT composite 
Polyamide-12 (PA) powders were used as the polymer for infiltration. First, the 
ceramic-CNT composite was placed inside the mould (Fig. 3. 9) and enough amount of 
PA-12 was poured on top of it. Shaking the sample allows some powders to penetrate 
into the sample and pass through it. Then, the mould was put inside a preheated furnace 
at 200ºC (PA-12 melting point is 178ºC) to melt the polymer. This time the mould 
placed face down in the oven in order to let the molten nylon flow down due to the 
gravity and start filling the pores of substrate. Finally, when the mould is still hot and 
PA-12 is in liquid form, a hydraulic press on the mould was applied to force the nylon 
slowly injected into the ceramic foam. Then, similar to the epoxy resin samples, 
specimens were taken out of mould using a bar inserted into the top part of the mould. 
The final samples are presented in Fig. 3. 12a. Before mechanical testing, samples were 
carefully polished with different grit papers (from 80 to 1200) as shown in Fig. 3. 12b.  
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Fig. 3. 12. Photograph of samples after (a) injection of PA 12, and (b) polishing. 
3.6. Structural characterization 
 Different sets of experiments were performed in order to investigate the 
physical, thermal and mechanical properties of each sample. In this section, basic 
information about each test and theoretical background will be presented.  
3. 6. 1. Scanning electron microscopy 
The scanning electron microscope (SEM) is a powerful instrument for imaging 
surface and subsurface microstructure.  In a standard SEM, a stream of electron 
produced by an electron gun (which usually consists of a tungsten or LaB6 filament) 
will be directed towards the sample, using a positive electrical potential. The 
accelerating voltage is usually between 1 and 30 kV. Two or more condenser lenses are 
utilized to minimize the stream when the objective lens focuses the electron probe onto 
the sample. As a result, a thin and focused monochromatic beam with diameter range of 
2 to 10 nm will be produced to scan across the surface of sample. The principle of a 
how the electrons were produced and how they reach the sample surface is illustrated in 
Fig. 3. 13a. Electrons from the electron source either scatter elastically resulting in back 
scattered electrons (BSE) or interact with the sample and produce X-rays and new 
electrons which are called secondary electron (SE). An appropriate detector monitors 
these electrons or signals and by using modern computer programmes, it provides 
topographic information of surface of the specimen (Fig. 3. 13b). SE is the most useful 
signal because of the high signal level combined with high lateral and depth resolution. 
a) b) 
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BSE offers atomic number contrast that can be used to differentiate phases that contain 
elements with considerably different atomic numbers [205]. 
    
Fig. 3. 13.  (a) Schematic of SEM. (b) Schematic diagram of SE and BSE generation by 
primary beam and their collection by the detector to produce the SEM image [205].   
Prior to SEM observation, samples were carefully cut at the mid-plane along their 
length, using a low speed electric saw. After that, using acetone and compressed air, 
possible contaminants were removed from the surface of specimen. As CNTs are 
conductive materials, there was not any charging effect during SEM and consequently, 
samples were not coated with Au.   
3. 6. 2. Transmission Electron Microscopy 
Transmission electron microscope (TEM) is an important and powerful tool for 
imaging the internal microstructure of ultrathin samples. The electron gun is mostly 
thermionic tungsten or LaB6, however field emission guns (FEGs) are becoming more 
common. Compared to SEM, TEM uses considerably higher accelerating voltage in the 
range between 100 to 400 kV. This high voltage will increase imaging resolution by 
decreasing electron wavelength. It will also increase the penetration of electrons through 
the sample, which will allow one to study thicker samples. The samples must be no 
more than a few hundred nm thick and they are usually in the form of an ultrathin disc. 
a) b) 
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A schematic of the layout of an analytical TEM is shown in Fig. 3. 14. As shown in Fig. 
3.9, two or more condenser lenses demagnify the electron beam to typically 1 µm in 
diameter. The first condenser lens (C1) controls the spot size when the second one (C2) 
controls the size and coverage of the probe at the sample [205].  
    
Fig. 3. 14. Schematic illustration of TEM[205] 
For TEM sample preparation, the CNT-containing composite was first milled into 
powder in a mortar, and the powders were then sonicated in acetone before transferring 
the suspension onto a holey carbon copper grid with a pipette. 
3. 6. 3. EDX 
Bombardment of high energy electrons on the inner-most electron shell of an 
atom will result in escape of high energy electrons and as the result, an escape vacancy 
will be generated. When a single outer electron drops into the inner shell hole, X-ray 
will be emitted. Energy dispersive x-ray spectroscopy will measure the energy of the 
emitted X-ray. Due to the well-defined nature of the different atomic energy levels, the 
elemental composition of the specimen can be easily understood by measuring either 
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the energies or wavelengths of the X-rays emitted from the sample at the particular 
position of the electron probe [205, 206].  
3. 6. 4. XRD 
X-ray powder diffraction (XRD) technique provides an insight into the 
crystallography of materials. When X-rays hit the surface of crystalline material, they 
make constructive interference after reflection. The relationship between the incident 
and reflected X-rays is defined by Bragg’s formula: 
 sin2dn           Eq. 3. 1 
where  is the wavelength of the x-rays, d is the inter-lattice spacing,  is the incident 
angle and n is an integer [205].  
Pre-polished solid samples and finely milled powdered samples were used for XRD. 
Analysis was performed at 2 step rotation of 0.02 with a dwell time of 5 sec at room 
temperature.  
3. 6. 5. µCT scan 
CT is a non-destructive X-ray inspection technique that makes high-resolution 
3D maps of specimens. After reconstruction, the sample can be viewed from any 3D 
angle, sliced in any direction and accurately measured. This enables detailed analysis of 
the internal structure of a wide range of components and allows one to detect and 
measure internal voids and also verify complex internal structures. The µCT was 
performed using an X-tekBenchTop 160Xi CT scanning system in which the sample is 
X-rayed from a range of angles over 360 degrees. Then, the CT reconstruction engine 
utilises these X-ray images to calculate the density at all points within the volume to 
create a 3D model of the specimen [207].  
The µ-CT scan does not require any specific sample preparation process and as 
prepared samples (for all the samples) were scanned in order to obtain the required data. 
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3. 6. 6. Density 
In this study, the densities of samples were obtained using Archimedes principal, 
which states that the apparent weight of an object immersed in a liquid decreases by an 
amount equal to the weight of the volume of the liquid that it displaces: 
liquidair
air
WW
W
D


        Eq. 3. 2 
Where D is the bulk density, Wair is the weight of the sample in air and Wliquid is the 
weight of sample in liquid. Distilled water was used as the liquid and an analytical 
balance with an accuracy of  0.01 mg was utilized during the density measurements.  
The polished samples as presented in Fig. 3. 11 and Fig. 3. 12b were used for this test. 
Each test has been repeated for five times for each sample in order to obtain a reliable 
result.  
3. 6. 7. Thermal investigations 
Thermal gravity analysis (TGA) involves the determination of the change in 
weight of the sample in relation to the change in temperature. The TGA was carried out 
by using a SDTQ600 (TA Instruments, USA). During thermal testing, samples were 
weighed, using an in-built balance, and heated in air and Ar atmosphere up to 1000C at 
a heating rate of 20C/min. The acquired thermal data was analysed by using the 
Universal Analysis 2000 computer software provided by TA Instruments, USA.  
This test requires very small amount of materials. Therefore, tiny part of each 
sample was broken (1 to 30 mg) and placed inside the alumina pan. Depend on the 
required atmosphere, air or Ar were used with 100 ml/min rate. At first, tests were 
started with an isothermal step at 30C for 15 min and then, tests were carried out at 
20C/min ramp up to the required temperature.  
3. 7. Mechanical property evaluation 
Mechanical properties of the composites were determined by performing the 
compression, hardness and impact tests.  
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The compression tests were performed using a Lloyds Instruments EZ20 
machine, under a preload of 100 N and at a loading rate of 2 mm/min. The test samples 
were precisely cut using an automatic electric saw (dimensions, sample shape?), to 
provide flat surfaces required for the test. Then, before the test, their exact area was 
calculated using ImageJ software. After the test, some photos were taken from samples 
in order to study the deformation. Up to 16 tests were performed for each of the epoxy 
resin samples and up to 5 tests for each of the nylon ones. 
Impact test was performed using an Instron Dynatup 9250HV at Bristol 
University. As the diameter of samples was too small to fit into a standard sample 
holder, therefore a special stainless steel holder, as shown in Fig. 3. 15, was designed to 
hold the sample.  
 
Fig. 3. 15. Photograph of the Instron Dynatup 9250HV test machine used for the impact 
tests. A special sample holder with the test specimen was fixed between the two plates. 
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Fig. 3.16.The specially designed mould for increasing the diameter of the composite 
samples (located in the middle of the holes) by adding an extra epoxy resin ring around 
the central composites. 
In order to increase the margin of sample under the holder, another mould was 
designed to fix epoxy resin ring around the samples and increase their effective 
diameter for the test (Fig. 3.16). Consequently, the initial diameter of samples (27 mm) 
was increased to 40 mm by simply addition of epoxy resin to the surrounding of discs 
(Fig. 3. 17) where they were placed in the middle of the mould and cured in the furnace. 
Then, samples were carefully polished by grit papers similar to the previous sample 
preparation steps for compression test. Impact test was done based on a constant energy 
of 5J. The absorbed energy and maximum load were evaluated for each sample. For 
pure epoxy resin and its composites, 5 to 7 samples were tested for each one in order to 
obtain a reliable result. However for nylon samples, only 2 specimens were available for 
each experiment.  
 
Fig. 3. 17. Optical image of PA12-ceramic-CNT composite after increasing its diameter by 
the addition of epoxy resin for impact test. 
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Finally, the hardness of all samples was evaluated by using a Rockwell hardness 
machine, using HRH (60 kgf, 1/8 in. ball), as HRH can provide reliable results via its 
larger ball which will involve a larger area underneath the sample. This allows all the 
three regions (polymer, ceramic and CNTs) to be involved in the test. The 60 Kgf also 
has been chosen based on the indicator size on samples. More details and discussions 
about the tests and their results will be provided in the next chapters. For each set of 
experiment, after polishing sample surfaces (again similar to compression test sample 
preparation), based on the consistency of the results, 8 to 20 hardness data were 
recorded. 
3. 8. Summary 
The generic experimental methodology and methods used for this research were 
briefly introduced in this chapter. These include: 
 Fabrication process of different samples used in this thesis 
 Materials and methods involve in sample synthesis 
 Experimental setups 
 Basic information about tests and how they were performed 
 Sample preparation for each test 
 Number of tests and samples for each experiment 
Detailed technical information related to each specific experiment will be further 
explained in the relevant chapters.  
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Chapter 4: Ceramic/CNT composite 
4.1. In-situ fabrication of high density ceramic/CNT composite 
4. 1. 1.  Introduction 
Synthesizing composites by in-situ, direct growth of CNTs inside pores of porous 
ceramics or ceramic foams with open porosity, offers the advantages of short reaction 
times and low cost, which allow the porous composites to be used in different fields 
compared to the fully densified ceramic/CNT composites. So far, the use of mesoporous 
silica [28], silicon [29], or anodic aluminium oxide (AAO) membrane as the matrices 
[30] has been widely studied. These substrates could provide the desirable 
configurations for the production of ceramic/CNT composites. By direct deposition of 
highly ordered CNTs using CVD process, carbon atoms can accumulate and grow on 
the internal pore surface, copying the original structural features such as channels (Fig. 
4.1) [31]. This technique features a simultaneous carbon deposition rather than a 
continuous nanotube growth, therefore the resulting shape and morphology of CNTs 
were restricted largely by the pore structure of the starting AAO membranes, thus the 
resulting composites are generally limited to µm to mm in thickness, leading to a thin 
layer of composites which are suitable for specific applications such as in field emitters 
[149], supercapacitors [150], and scanning probes [151]. 
 
Fig. 4.1. Schematic fabrication method of producing highly ordered CNTs inside AAO 
[148] 
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For large and randomly interconnected ceramic foams, the fabrication of composites 
with CNTs embedded in all directions remains a technical challenge, as for ceramics 
with such small pore sizes, penetration of carbon atoms into the pores will be restricted 
by barriers (both ceramic and grown CNTs) which limit the uniformity and depth of the 
CNT growth [148]. By combining the excellent mechanical properties and large surface 
areas, such composites are highly desirable for applications in devices for gas 
absorption, water filtration and purification [32-35], hydrocarbon separation [9], and 
pollutant air filters [36]. All these properties offer diverse opportunities for the 
development of fundamentally new CNT-containing advanced composites. This 
Chapter will demonstrate our effort towards this goal. Two main types of commercial 
ceramic foams with different densities were used in this study for different purposes of 
application. The synthesised ceramic/CNT composites were later tested for evaluating 
the degree of improvement in their properties. 
4. 1. 2. Effect of carbon source and catalyst 
First, an appropriate catalyst and carbon source based on the prerequisite of the 
experimental conditions should be chosen. Then, after trial and error testing of a wide 
range of materials, we aim to find the optimal combinations of catalyst and carbon 
sources for the composite growth, which will be introduced and discussed in this 
section. A list of different catalysts and carbon sources used in this experiment is 
summarised in Table. 4. 1. 
Table. 4. 1. A summary of catalysts and carbon sources utilised in this study 
Catalyst  Carbon source 
Ferrocene Ferrocene 
Co nanoparticles  pitch 
Co(NO3)2 styrene 
Ni(NO3)2 camphor 
4. 1. 2. 1. Catalyst selection 
Due to the small pore size of the ceramic substrate used, a uniform distribution of 
solid catalyst particles at all sections of the substrate sample was hard to achieve. With 
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the assistance of ultrasonic probe, the specimen immersed in a cobalt particle and 
acetone suspension was treated for 30 minutes, in order to allow the catalyst particles to 
penetrate through the substrate. Subsequent SEM analyses proved that the cobalt 
particles were agglomerated mainly on the sample surface, rather than penetrating inside 
(Fig. 4.2). Using surfactants to keep the catalyst particles suspended in the solution was 
also attempted, again same results were observed during SEM study. Consequently, it 
seemed that using metal catalyst powders directly was not a feasible approach for 
achieving uniform catalyst deposition in the matrix, as the tiny pores of the ceramic 
prevented them from penetrating and particles remained blocked on the outer surface.  
 
 
Fig. 4.2. SEM images of: (a) surface, and (b) centre of a sample, revealing the non-uniform 
distribution of the catalyst particle at various sections of a ceramic matrix.  
This inhomogeneous distribution of catalyst particles resulted in a non-uniform 
growth of CNTs across the sample. A large amount of big sized catalyst particles as 
shown in Fig. 4.2a resulted in the poor quality of CNTs, even the growth of carbon 
a) 
b) 
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fibres; whilst a low amount of catalyst particles with agglomerated particles in some 
parts (Fig. 4.2b) led to a partial growth of CNTs at some parts, with no growth at other 
regions, as shown in SEM images in Fig. 4. 3. 
 
 
Fig. 4. 3. SEM images showing the agglomoration of catalyst particles in one place which 
resulted in a reginal growth of CNTs across the sample.  
To improve the uniformity of catalyst particles, it was decided to take advantage of 
metal nitrate salts which are soluble in both water and acetone. In this process, the 
ceramic samples were first dipped inside the solution of Fe(NO3)2, Ni(NO3)2 and 
Co(NO3)2 in acetone for several times, then the acetone was allowed to evaporate from 
(a) 
(d) (c) 
(b) 
(e) 
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the samples under fume cupboard. The dried sample was heated in a tube furnace under 
H2 atmosphere (0.05 l/min) to thermally decompose the metal nitrates to form metal 
catalytic particles that were required for the CNT growth. As shown in the SEM images 
in Fig. 4. 4, the resulting catalyst particles were indeed distributed uniformly, without 
agglomerations.   
 
 
Fig. 4. 4. SEM images show the uniform distributions of catalyst particles inside the 
ceramic matrices at high (a) and low (b) magnifications 
 Achieving uniform distribution of catalyst particles on all the surfaces of 
ceramic foam is an important prerequisite for the fabrication of high quality composites. 
After this, it is required to provide sufficient amounts of appropriate carbon sources for 
the catalyst particles to initiate the CNT growth.  
4. 1. 2. 2. Carbon source selection 
In the case of carbon source selection, different precursors of various 
conventional and unconventional types were considered. At first, as it is more typical 
for a CVD process, it was tried to use carbon sources which could be continuously 
(a) 
(b) 
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injected into the furnace. In this regard, ferrocene and styrene were chosen as the carbon 
source to be injected into the furnace. However, they did not show any promising 
results as it appears that carbon atoms could only penetrate up to several hundred 
micrometres inside the foam and could not cover the whole surface areas of the ceramic. 
To overcome this superficial growth problem, other carbon sources that could be placed 
inside the sample and initiate the growth within the internal pores of ceramic were 
investigated. Such precursors should consist of large and long chains of carbon 
molecules, possessing relatively high melting and boiling point which allows the 
decomposed carbon species/atoms to remain inside the pores for a longer period of time 
during the CNT growth at high temperature. This strategy will hopefully initiate the 
CNT growth across the entire matrix, both the inner and the outer surface.  
Table. 4. 2.Physical properties of ferrocene and styrene [203] 
 Ferrocene Styrene 
Chemical formula C10H10Fe C8H8 
 
Molecular 
structure 
 
 
Molar mass 186.03g/mol 104.15 g/mol 
Appearance light orange powder colourless oily liquid 
Density 1.490 g/cm
3
at 25 °C 0.906 g/cm³at 25 °C 
Melting point 172 °C -30 °C 
Boiling point 249 °C 145 °C 
Solubility Insoluble in water, soluble 
in most organic solvents 
Insoluble in water 
Tar pitch was the first chemical used in this study. First, nickel nitrate was 
placed inside the sample using dip-coating technique as described earlier, to become the 
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catalyst material. Second, the pitch was warmed up to reduce its viscosity and allowed it 
to fill into the ceramic pores. Third, the specimen was placed inside a preheated furnace 
under H2 atmosphere (at a flow rate of 0.2 l/min). A wide range of temperatures (from 
700 up to 1200 ˚C) were examined in order to overcome the oily nature of the pitch 
which covered the entire ceramic (Fig. 4. 5a). The results showed that we were 
successful in providing sufficient amount of carbon source for all sections of sample; 
however these carbon atoms could not be formed in the shape of nanotubes.  
  
 
Fig. 4. 5. SEM images: (a) The oily surface of the sample owing to the tar pitch, (b) 
different carbon materials produced, and (c) sphere carbon being the dominant products. 
SEM images showed that a wide range of carbon materials was produced (Fig. 4. 
5b). This is owing to the contaminants contained in the tar pitch, and these 
contaminations severely affected the quality of the final product. After a few trials, it 
was found that it was extremely difficult to control the materials growth, however in 
most cases spherical carbon was the major product in our experiments (Fig. 4. 5c).  
So far, it can be concluded that: 
a) b) 
c) 
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 Use of ferrocene and styrene as carbon source resulted in a limited 
growth of CNTs only on the surface of the ceramic foam, with low 
penetration depth.  
 Use of viscous tar pitch placed inside sample, it is possible to provide 
sufficient amounts of carbon source for all sections of the bulk ceramic 
sample, but the carbon failed to convert into CNTs.   
Camphor (C10H16O) was chosen as another possible carbon source which could 
also be placed inside the sample via solution, or be used directly as a solid source. 
Camphor has been successfully used for the fabrication of C60 [208] and CNTs [209]. 
Camphor is an environment-friendly and waxy white crystalline solid with very strong 
and pleasant odour. It can be extracted from the latex of cinnamomumcamphora tree of 
lauracea family, and is an abundant material in Asian countries [210]. Compared with 
other widely used conventional chemical precursors, camphor is a green, cheap, carbon-
rich, hydrogen-rich and oxygen-present source. Physical properties of camphor are 
summarized in Table. 4. 3. 
Table. 4. 3. Physical property of camphor [203] 
Chemical formula C10H16O 
 
Molecular 
structure 
 
Molar mass 152.23 g/mol 
Appearance White, translucent crystals 
Density 0.992 g/cm
3
 at 25 °C 
Melting point 175 °C 
Boiling point 204 °C 
Solubility in water 1.2 g dm
−3
 
Solubility in 
acetone 
~2500 g dm
−3
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Since both the catalyst and the camphor precursor are soluble in acetone, a 
solution consisting of both materials was simply prepared (Fig. 4. 6). After repeatedly 
dipping the alumina bricks (10×10×15 mm) in the solution as described earlier, a 
sample containing both the carbon source and catalyst was obtained, which could be 
handled and processed easily. The experimental parameters for camphor were similar to 
those of the tar pitch test. 
 
Fig. 4. 6. A photograph of the acetone solution containing nickel nitrite and camphor  
SEM images of sample showed the successful growth of CNTs with high 
quantity and quality on the surface of the ceramic foam (Fig. 4. 7). However, in order to 
investigate the quality and coverage of CNTs in all sections of samples, the samples 
were cut open at the mid-plane along their length, as shown in Fig. 4. 8a. Then, they 
were examined at three typically representative locations as marked in Fig. 4. 8b: the 
centre (A), the 1/4 position (B) and near the surface (C), to demonstrate the 
effectiveness of the CNT growth in different sections. SEM images contributed to 
points A, B and C showed the successful growth of nanotubes at all sections of sample 
(Fig. 4. 9). These SEM images along with detailed results and discussions are presented 
in the next section. 
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Fig. 4. 7. SEM images of the surface of a sample synthesised using camphor as the carbon 
source and nickel nitrate as the catalyst at low (a) and high (b) magnifications. 
 
Fig. 4. 8. (a) The alumina brick dimensions. The broken line illustrates where the sample 
was sectioned for SEM investigation. (b) Showing the locations (A, B and C) examined 
after CNT growth. 
To conclude, after using different carbon sources in various phases, camphor 
(used as solid source) showed the most promising results with good quality of CNTs 
grown at all sections of the ceramic foam. Thus, our next focus will be on camphor as 
the carbon source and nickel nitrate as catalyst in this thesis.  
4. 1. 3. Yield and quality of nanocomposite 
Prior to and after the growth, the alumina brick samples were weighed using a 
precision balance, to estimate the CNT yield. A 13% weight increase in samples after 
optimizing the synthesis parameter has been recorded, which is the gross yield in the 
sample including both the CNTs and the catalyst involved as a whole. Therefore, if the 
higher theoretical density of 1.8 g/cm
3
 of multi-walled CNTs is taken from literature 
a) b) 
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[6], it is estimated that the introduction of CNTs accounts for about 7% volume in the 
composite, i. e. about 7% pores within the alumina have been occupied by CNTs.  
 As mentioned earlier, in order to investigate the quality and the coverage of 
CNTs in all sections of the samples, SEM characterisation was performed for three 
locations of A, B and C as shown in Fig. 4. 8b, as a function of distance from surface. In 
Fig. 4. 9e and f, it is clear that there are more CNTs near the surface, and that the 
quantity of CNTs decreases towards the centre. In the central section (Fig. 4. 9a and b), 
the CNTs appear to be shorter in length and fewer in quantity, as opposed to Fig. 4. 9e 
and f. Overall, the CNTs seem to be fine and uniform, with little evidence of amorphous 
carbon particles on the surface or within the matrix, indicating the high quality of the 
resulting CNTs.  
 
Fig. 4. 9. SEM images of CNTs grown inside the ceramic matrix, taken from centre (a, b), 
¼ thickness position (c, d), and near the surface of the sample (e, f). 
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The bi-cyclic cage-structure of camphor has a significant effect on the efficient 
CNT growth, as the hexagonal and pentagonal carbon rings of camphor may re-arrange 
into CNTs with no needs of breaking into atomic carbon. Whilst the abundant hydrogen 
in camphor facilitated the growth by reducing the catalyst particles, the oxygen atom 
present in the camphor molecule would help oxidize the potentially formed amorphous 
carbon in-situ. Consequently, every atom of camphor has a constructive role to play in 
the CNT growth [211].  
Achieving sufficient quantities of CNTs to fill the high levels of porosity present 
in these samples is difficult by using this process; however the process has the capacity 
to deposit CNTs on the internal surfaces across the entire matrix, whilst retaining the 
porous features of the alumina brick.  
The number of the resulting CNTs varies through the cross sections, which 
emphasizes the significant challenge for the uniform synthesis of CNT across much 
larger bulk samples, as opposed to very thin CNT/membrane composites [151]. In some 
cases, agglomeration of the catalyst must have occurred (circled in Fig. 4. 10a), leading 
to clumps of CNT (circled in Fig. 4. 10b). Nevertheless, this strategy is expected to 
avoid the limitations of existing CVD process, to some extent, in which gas or liquid 
vapour has been widely used as the carbon supply [11]. In those processes, the initial 
CNT growth will block the passage of the carrier gases and carbon sources from the 
outer section of the matrix inward, thus limiting the depth of CNT growth from just 
micrometer to millimetres [148]. By adopting the methods used in this study, the solid 
precursor introduced directly inside the sample, upon decomposition, has promoted the 
on-site growth of CNTs across the outer and inner sections of the sample.  
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Fig. 4. 10. SEM images. Agglomerations of the catalyst particles circled in (a), leading to 
the formation of clumps of CNT in matrix circled in (b). 
TEM results (Fig. 4. 11a) reveal that the resulting nanomaterials are indeed 
hollow, being CNTs rather than solid carbon nanofibres, with average diameters of 30-
70 nm and lengths up to several micrometres. Fig. 4. 11b shows a bamboo texture for a 
CNT which happens when a limited number of graphitic layers are oriented 
perpendicular to the nanotube axis, thus forming compartments [19]. The circled part in 
Fig. 4b shows a small carbon cluster attached to the nanotube. 
 
Fig. 4. 11. TEM images of CNTs collected from the composite sample. (a) The hollow 
structural feature of the nanotubes is visible, and the high contrast black dots are the 
catalyst particles, and (b) showing the atomic inter-layer distance is 0.34 nm and an 
attached carbon particle, circled. 
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4. 1. 4. Growth mechanism 
By dipping the alumina bricks in the catalytic solution (Ni(NO3)2 and acetone), 
the formation of catalyst nucleation sites on the internal surface of the matrix was 
achieved which acted as the required localized catalyst for the CNT growth [212, 213], 
as shown in Fig. 4. 4. The widespread dispersion of catalyst particles, along with a 
sufficient source of carbon, would be expected to result in uniform on-site growth of 
CNTs on the surface of the alumina cavities. Although the sublimed camphor continues 
to leave the sample through the internal pore channels, given the rapid heating rate, 
there is sufficient carbon available after conversion of the nitrate to Ni for sustained 
growth of CNTs. The higher carbon concentration at the surface clearly leads to 
increased CNT formation in these areas, leading to CNT densities that are only uniform 
in each equivalent distance section. In order to understand the growth mechanism, SEM 
investigation was performed at very high magnefications. Fig. 4. 12c shows an 
extrusion or root growth of CNT from the catalyst particles attached to the alumina 
surface, and the tips of these resulting CNTs are generally catalyst-free (Fig. 4. 12d). 
For CNTs to work effectively as a functional phase within the matrix, a strong interface 
connection or binding strength to the matrix is important, to prevent CNTs from floating 
or falling out during service, such as in filter applications. Of the two main mechanisms 
of CNT growth on a substrate, namely root growth and tip growth [68, 71, 72, 214], 
improved adhesion of the nanotubes to the matrix is expected under the condition of 
root growth, as was observed under the current experimental conditions.  
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Fig. 4. 12. SEM images: (a) evidence of the ‘root’ growth of CNTs, and (b) CNTs with 
catalyst-free tips. 
The formation of a viable nucleation site from the catalyst source occurs in a 
number of stages. At around 400 °C, the nickel nitrate thermally decomposes to form a 
stable oxide (NiO) which can be further reduced, in a hydrogen atmosphere, yielding 
metallic nickel nanoparticles across the entire pore surfaces, according to the following 
steps [215]: 
Ni(NO3)2·6H2O → Ni(NO3)2·4H2O → Ni(NO3)2·2H2O → Ni(NO3)(OH) 1.5O0.25·H2O → 
Ni2O3 → NiO  Ni  
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Fig. 4. 13. Thermal decomposition of nickel (II) nitrate hexahydrate [215] 
Our TGA results (Fig. 4. 14) confirmed that decomposition of catalyst particles would 
be completed at 325˚C in Ar and the catalyst would lose 75% of its weight when NiO 
was formed.  
 
Fig. 4. 14. TGA result of catalyst particle under Ar atmosphere which indicates that the 
catalyst decomposition finalised at 325˚C with a total weight loss of 75%. 
To account for the root growth, interaction between Ni nanoparticles and the 
alumina substrate should be considered. Indeed, at elevated temperature the interaction 
took place in an extremely short period of time, after the localized temperature reached 
a critical point. It is very difficult to determine how this process would actually affect 
the CNT growth, as whether such interactions occur before, during, or after the CNT 
growth. During the experiments, samples were introduced into the pre-heated working 
tube at a temperature high enough for all the three processes (activating catalyst, 
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sublimating camphor and growing CNTs) to happen simultaneously, which makes it 
difficult to clearly define these process steps. Examination of the nickel-aluminium-
oxygen phase diagram (Fig. 4. 15) at the processing temperature [216, 217] indicates 
that nickel and α-alumina could form a solid solution [23], rather than the NiAl2O4 
spinel phase, which does not form under strongly reducing conditions such as in a 
hydrogen atmosphere [218, 219]. The red line in Fig. 4. 15b, shows the stability limit of 
spinel. When the oxygen activity is under this line, nickel and α-alumina can form a 
solid solution. The dissolution of nickel atoms into the alumina will result in strong 
adhesion, making the root growth of CNTs possible. Further experimental evidence is 
still required to clarify the exact interfacial structures promoting the root growth.  
 
Fig. 4. 15. Nickel-aluminium-oxygen phase diagram at constant temperatures [216, 217]. 
The hydrogen atmosphere under which the pyrolysis was conducted can explain 
the fine quality of the CNT, however it would be uneasy for hydrogen to reach the 
growing CNTs deep inside the alumina pores. It is believed that the formation of small 
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amounts of amorphous carbon inside the matrix may be due to the existence of oxygen 
in the camphor which readily oxidized the amorphous carbon in-situ, as described by 
Kumar and Ando [209]. They also found that the amount of catalyst required when 
using camphor was lower, by a factor of 10, compared to other carbon sources, which 
makes the final CNT composites less contaminated with metal particles [209]. In fact, 
the metal catalyst particles, shown as dark and high contrast dots in Fig. 4. 11a, are in 
relatively low abundance in the CNTs. 
4. 2. Low density Ceramic/CNT composite 
4. 2. 1. Introduction 
In previous section, fabrication of high density ceramic/CNT composite was 
described. Those high density ceramics have got their own specific applications as 
mentioned earlier. At the meantime, low density ceramics or ceramic foams are also 
widely used in applications such as burner enhancers, soot filters for diesel engine 
exhausts, catalyst supports, and biomedical devices [220-222]. Ceramic foams are 
linked networks of irregularly shaped open (or partly open) or closed (or partly closed) 
cell polyhedrons with a low fractional density. Closed-cell foams are composed of 
polyhedral like cells connected via solid faces, i.e., with no interconnectivity between 
them, whereas open-cell structures have solid edges and open faces, with fluid flow 
possible from one cell to another [222]. Fig. 4. 16 shows the open-cell structure with 
three components: struts, that are made of solid ceramic material; cells, that are 
approximately spherical voids enclosed by struts; and finally windows, which are 
openings connecting the cells with each other. These open structures are sponge-like 
creating an interconnecting porosity in the range of 75%-90% or even higher. The large 
number of interconnected pores in these materials results in high specific areas and low 
density, in addition to their high thermal resistance, low thermal conductivity and high 
flow and fluid permeability [157]. This low resistance to fluid flow is favourable for 
direct growth of CNTs on ceramic foams using conventional CVD process. However, 
considerable turbulences will be generated by the tortuous flow paths that count as a 
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challenge for fabrication of such ceramic/CNT composite. It is expected that the 
deposition of CNTs on ceramic foams can considerably enhance their filtration 
performance. 
 
Fig. 4. 16. Open-cell ceramic foam composed of three parts of strut, cell, and window 
[222]. 
In this section, we demonstrated the experimental procedures for the construction of 
such low density ceramic/CNT composite, by a direct growth of CNTs in ceramic 
foams. The performance of the fabricated composites will be assessed in the next 
chapter.  
 
4. 2. 2. Ceramic/CNT composite synthesis parameters  
 Malgas et al. [223] have studied the effect of different parameters on the CNT 
growth using camphor (carbon source) and ferrocene (catalyst) in a CVD process. They 
claimed that the reaction temperature, carbon source/catalyst mixture ratio and carrier 
gas flow rate had the most dominating effect on the nanotube growth. The importance 
of these factors will be addressed in this work as well. Table. 4. 4 summarizes the key 
differences in ceramic/CNT composite fabrication processes using high and low density 
ceramics. 
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Table. 4. 4. Key differences between the fabrication processes of high and low density 
ceramic/CNT composites. 
 High density ceramic Low density ceramic 
Ceramic pore 
size 
100-150 µm 300 & 500 µm 
Catalyst 
Ni(NO3)2, saturated solution in 
acetone 
Ni(NO3)2, 1 wt.% solution in 
acetone 
Carbon source Camphor (solid form) 
Camphor (40 vol.% in acetone 
solution, injection rate of 0.8 
cc/h) 
Temperature 850˚C 780˚C 
Total reaction 
time 
3 min 2 h 
4. 2. 2. 1. Effect of carbon source and catalyst 
 Based on the previous sections, the same catalyst and carbon source were chosen 
for the direct growth of CNTs on current ceramic foams. Unlike the previous part in 
which solid camphor was used as the carbon source, a camphor-acetone solution was 
used in this experiment in order to achieve a precise control over the continuous feeding 
of carbon source into the reaction chamber via controlling the solution injection rates. 
This is due to the considerably higher gas permeability of the ceramic foam used in this 
experiment.  
As was discussed before, the distribution and size of the catalyst particles are 
critical issues in the growth mechanism of CNTs, as a finer catalyst will result in a 
higher yield and higher quality of the synthesised CNTs [224]. At first, nickel nitrate 
crystals were solve in water for deposition of catalyst on ceramic foam. But after 
dipping the sample in the catalyst solution, the water removal from the sample prior to 
the experiment is a time consuming process. Further, SEM images revealed that to 
deposit catalyst particles in small size and well distributed forms is a difficult task by 
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using water solution, as the nickel nitrate crystals tend to agglomerate and form bigger 
clusters (Fig. 4. 17). Consequently, it was decided to prepare the catalyst solution in 
acetone. It is easy to dissolve the catalyst crystals in acetone and one can easily remove 
the acetone from the sample under the fume cupboard, leaving a uniform deposition of 
catalyst on the surface of the ceramic. 
 
Fig. 4. 17. SEM image of big catalyst clusters formed on the ceramic. The slow process of 
water removal gives enough time for the nickel nitrate particles to agglomerate, especially 
at the bottom of the sample due to gravity.   
For samples that the catalyst was prepared in acetone solution, better quality and 
quantity of CNTs than those prepared in water are observed during SEM investigations; 
however the quality of samples still did not meet our expectations. Further 
investigations by SEM using BSE showed a high amount of accumulated catalyst 
particles in the samples (Fig. 4. 18). Thus, the concentration of nickel nitrate in the 
catalyst solution was gradually reduced down to 1wt. % and the SEM images showed 
significant improvements in the CNT quality of the samples.  
 
Fig. 4. 18. (a) SEM images of sample using SE shows the growth of CNTs near some big 
particles, (b) SEM BSE image of the same place proves the big particles to be Ni(NO3)2.  
a) b) 
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 The ceramic foam used as substrates has very rough surface. SEM image in Fig. 
4. 19a shows the rough surface of a ceramic foam, after having been embedded in the 
catalyst solution and thermally decomposed the catalyst particles at 780˚C under H2 
atmosphere for 30 min. The tiny catalyst particles (1wt. % solution) cannot be detected 
in Fig. 4. 19a. Circled parts in Fig. 4. 19b shows high magnification SEM image of 
squared part in Fig. 4. 19a, which reveal the catalyst size and distribution on ceramic 
substrate.  
 
Fig. 4. 19. (a) SEM images of the rough surface of a ceramic foam after heat treatment in a 
furnace at 780˚C(b) Tiny catalyst particles are shown in the inset at higher magnefication. 
The effectiveness of using styrene as a carbon source was also tested by 
injecting it into the furnace using ceramic foam coated with nickel nitrate as catalyst. 
Different injection rates and temperatures were tested to find an optimum set of 
conditions for the CNT growth. SEM images revealed that for most of the experiments 
used styrene, the growth of CNTs was not uniform and did not cover all surface of the 
sample, and that those parts with grown CNTs showed a very poor quality of nanotubes 
with more micro-sized fibres rather than nanotubes (Fig. 4. 20). Fig. 4. 20a shows the 
growth of thick CNTs and carbon fibres on the surfaces of a ceramic foam, whilst 
plenty of amorphous carbon was found at inner sections of the foam, as presented in 
Fig. 4. 20b. By changing the carbon injection rates and using different temperatures (up 
to 1000˚C), there was no obvious improvement for the quality of the samples using 
styrene as the carbon source. 
a) b) 
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Fig. 4. 20. Poor quality of samples were observed using styrene as carbon source.(a) Thick 
CNTs and CNFs grown on the surface of a ceramic foam; and (b) massive amounts of 
amorphous carbons were detected at inner layers of ceramic foam. 
As it was mentioned earlier, Malgas et al. [223] have reported that carrier gas 
flow rates (N2 in their case) is an important factor with dominating effect on the 
nanotube growth. They showed that higher nitrogen carrier gas flow rates led to CNTs 
with a higher degree of graphitization. Their data indicate that more defects 
(carbonaceous particles) are presented when the nitrogen flow rates are high. Our 
experimental conditions are different from theirs, therefore we cannot compare our 
result directly with their data. In our experiment, the ceramic matrix and working quartz 
tube in the furnace have the same diameters (27 mm). If we consider the gas flow 
through the porous ceramic foam, a pressure drop will be caused by the foam. 
Therefore, unlike Malgas et al. results [223], a low speed of carrier gas could cause the 
lack of enough carbon atoms at the back face of the ceramic, whilst a very high speed of 
gas would blow away the carbon atoms very quickly before they have enough time to 
interact with the catalyst and initiate the growth, resulting in the poor quality of 
products. Fig. 4. 21 shows samples prepared at a low carrier gas speed (0.1 l/min), with 
surface facing the gas inlet side exhibiting a high quality of CNTs whilst the other face 
being covered with amorphous carbon. A high amount of carbon atoms might also 
count for the defects by dropping the quality of final sample, leading to the formation of 
amorphous carbon (Fig. 4. 22a) or carbon fibres (arrowed in Fig. 4. 22b). A low amount 
of carbon atoms will also leave the back of the ceramic without enough required sources 
a) b) 
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for the growth (similar result as presented in Fig. 4. 21). Therefore, finding the right 
balance between the injection rates of the carbon source and the speeds of the H2 carrier 
gas is important for the successful growth of CNTs on the foam ceramic substrate. 
Based on this concept, a wide range of injection rates (from 0.4 to 5 ml/h) was 
examined along with different hydrogen flow rates (from 0.1 l/min to 0.7 l/min). These 
experiments were carried out for different durations from 1 hour up to 6 hours. The 
optimum combined condition for CNT growth on a ceramic foam, based on SEM 
investigations, has found to be at a H2 flow rate of 0.30 l/min and carbon source 
injection rate of 0.8 ml/h. This setting results in uniform growth of carbon nanotubes all 
over the ceramic discs. 
 
Fig. 4. 21. Illustration of quality of sample at two surfaces faced to inlet (left) and outlet 
(right) of furnace revealing dominating effect of carrier gas speed on quality of sample. 
   
Fig. 4. 22. Fabrication of amorphous carbon (a) and CNFs (arrowed in b) beside CNTs 
dropping quality of composite as result of high injection rate of carbon source into the 
furnace. 
a) b) 
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4. 2. 2. 2. Effect of temperature on CNT growth 
 The CVD temperature plays a significant role in the CNT growth and this effect 
varies under different experimental conditions. For example, using camphor as the 
carbon source and Fe-Co-zeolite system as the catalyst, Kumar and Ando have claimed 
that for a fixed metal concentration, raising the reaction temperature increases the yield 
of CNTs and their diameter distribution [225]. They have shown that by optimising the 
catalyst concentration in their system, MWCNT and SWCNT can be selectively grown 
as a function of temperature [211]. They have also shown that camphor does not 
decompose below 500˚C. At 550˚C, they managed to grow CNTs of very short-length. 
Increasing the temperature from 650˚C up to 750˚C, they produced high quality CNTs. 
After 750˚C, they obtained low quality CNTs with drastically increased diameters. At 
850˚C and above, SWCNTs started to grow. At 900 ˚C, they were able to prepare large 
bundles of SWCNTs. They concluded that 650 and 900˚C are the optimum temperature 
for making MWCNTs and SWCNTs, respectively. As another example, after testing a 
wide range of temperatures (600-1050˚C), Li et al. have reported that the appropriate 
temperature for fabricating pure CNTs with large yields is between 750 and 850˚C. 
They have revealed that CNTs cannot grow at either low (600˚C) or high (1050˚C) 
temperatures [226]. Consequently, it was important for us to find the optimum 
temperature for our experimental condition. 
We found out that it was possible to grow CNTs on ceramic substrate under our 
experimental conditions, at temperatures ranging between 700 and 850˚C. However, at 
700˚C, the grow depth of good quality CNTs is limited to several millimetres from the 
surface facing the inlet of furnace. At this temperature, the quality of CNTs drops 
dramatically at centre of ceramic foam toward the back face of sample as shown in Fig. 
4. 23. Similar results were also obtained at 850˚C. 
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Fig. 4. 23. SEM images showing the quality of CNTs on surfaces facing the inlet (left) and 
outlet (right) stream of furnace. Sample was produced at 725˚. 
At temperatures >850˚C and <700˚C, the amount of amorphous carbons 
observed in SEM investigations increased dramatically when almost no CNTs could be 
gradually detected anymore (Fig. 4. 24).  
 
Fig. 4. 24. SEM image of a sample prepared at 850˚C showing the CNTs covered by a 
large amount of amorphous carbon, taken from the surface facing the front gas inlet side 
of the sample. 
In order to investigate the possibility of producing SWCNTs on our ceramic 
substrate, similar experiments were carried out at higher temperatures. However, at 
those temperatures (up to 1100˚C) we were unable to detect any CNTs. Thus, 
considering our experimental condition and furnace limitation, we found there was no 
SWCNT growth under these conditions. 
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Fig. 4. 25. a, Low magnification SEM images of a porous ceramic matrix before the CNT 
growth; b, Low magnification SEM image of the ceramic/CNTs composite; c, a µ-CT scan 
3D image of a ceramic substrate showing the interconectivity feature of the foam; and d, 
SEM image of CNTs grown on ceramic foam produced at 780˚C. 
To conclude, under our experimental circumstances, good quality CNTs have 
been successfully synthesised at temperatures ranging from 750 to 800˚C, and based on 
the quality (from SEM results), 780˚C was chosen as the optimum temperature for 
further synthesis work. The physical change in ceramic appearance after CNT 
deposition can be seen in Fig. 4. 25a and b where the densely deposited CNTs layers 
located in the inner wall of the ceramic matrix. µCT-scan of ceramic/CNT composite in 
Fig. 4. 25c shows the interconnectivity of pores across the substrate which allows for 
the uniform catalyst deposition and CNT growth in all sections of matrix; however, it 
cannot detect CNTs on substrate due to resolution limitation. Fig. 4. 25d shows the high 
quality CNTs produced at 780˚C where CNTs were uniform at all sections of the 
sample (at both faces). 
c) d) 
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4. 2. 3. Yield of CNTs 
The functional properties of composite containing CNTs are dominated by the 
CNT quantity [227]. As a result, scientists try to further improve properties of such 
materials by further increasing the yield of CNTs. However, there are technical 
challenges on increasing the content of CNTs for different applications, as CNTs tend to 
agglomerate in composites. In this context, it was tried to increase the yield of CNTs by 
gradually increasing the reaction time up to 6 h, but still similar weight increase was 
observed in all the experiments. Another alternative way to increase the yield is 
providing continuous supply of carbon source and catalyst during the synthesis process. 
In order to supply the required catalyst, in two different sets of experiment, ferrocene 
and nickel nitrate were added to the carbon source solution.  
Similar to Kumar and Ando’s [209] experimental conditions,  ferrocene was 
introduced into to the camphor solution (carbon source). Unlike their work where they 
used solid mixture, we added ferrocene (different wt. %) to the camphor acetone 
solution (40 vol. %). The ferrocene in the carbon source solution will be decomposed 
simultaneously with the carbon source, leaving the decomposed iron atoms to form the 
catalytic particles to promote the CNT growth [223]. In fact, these Fe particles floating 
at the reaction quartz tube are so active that they promote the growth of CNTs 
everywhere, leading to the formation of a thick layer of CNTs deposited in the quartz 
working tube prior to reaching the ceramic sample. Fig. 4. 26 show this thick layer of 
CNT nanoforest removed from the quartz tube at low and high magnifications. Kumar 
and Ando also reported the fabrication of a large amount of CNTs deposited on the 
inner wall of their quartz tube using a camphor-ferrocene mixture [209]. In our case, 
this phenomenon actually reduced the yield of CNTs in the composite, as most of the 
carbon were accumulated and grew on this layer rather than grew inside the ceramic 
pores. 
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Fig. 4. 26. A thick layer of CNT collected from the quartz working tube when using 
ferrocene mixed with carbon source at low (a) and high (b) magnefications.   
 
Further, by increasing the flow rate of the hydrogen carrier gas from 0.1 to 0.7 
l/min, in order to force the decomposed iron nanoparticles from the ferrocene to 
penetrate through the ceramic foam, rather than depositing on the outer surface of the 
foam or on the inner surface of the quartz tube, this problem appeared to be partially 
solved. However, the introduction of iron nanoparticles during the growth has resulted 
in an excessive amount of iron particles sitting on top of the resulting CNTs, which 
acted as contaminant and dropped the quality of the final product. Fig. 4. 27 shows 
these iron particles (bright particles) stuck among CNTs. By gradually reducing the 
amounts of ferrocene in the solution (from 2 wt.% to 0.2 wt.%), we tried to solve  this 
problem. However, after all of the mentioned variations, still similar weight increase 
was reported for the final sample, indicating the ineffectiveness of this procedure in 
increasing the yield of CNTs. 
a) b) 
129 | P a g e  
 
 
 
Fig. 4. 27. Iron nanoparticles (bright particles) stuck among CNTs as the result of addition 
of ferrocene. 
As another approach to increase the yield of CNTs, Ni(NO3)2 was added to the 
camphor-acetone solution, to avoid the problem of excessive amounts of iron produced 
by ferrocene. The resulting sample showed a 3.8 % weight increase. However, further 
SEM investigation proved that there were large amounts of metal particles (Fig. 4. 28c 
& d) among the good quality CNTs (Fig. 4. 28a and b) in the sample. Besides 
contaminating the sample, these metal particles made our estimation on the yield 
unreliable. It was tried to calculate the amount of CNTs by subtracting the weight of 
blank ceramic foam and 75% of the weight increase (based on TGA results presented in 
Fig. 4. 29b after catalyst deposition) from the weight of the final sample. This 
calculation strategy cannot estimate the additional weight of these extra metal particles, 
as they are much heavier than CNTs. Therefore the resulting yield is unreliable neither. 
After several experiments, it seems to us that the yield of CNTs could not be improved 
simply by the addition of catalyst to the carbon source. 
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Fig. 4. 28. SEM images show addition of nickel nitrate to the camphor-acetone solution 
result in deposition of nickel particles inside the sample affecting its quality at high (a, c) 
and low (b, d) magnifications. 
Table. 4. 5 summarises the weight of samples at different stages of experiment.    
Table. 4. 5. Weight of samples at different stages suggesting the yield of CNTs 
no
. 
Me Mc Mf Mcat MCNT Experimental condition 
1 4.4295 4.4457 4.4840 0.0122 0.0423 normal procedure* 
2 3.3695 3.3869 3.4273 0.0130 0.0448 normal procedure 
3 3.0085 3.0231 3.0717 0.0109 0.0522 normal procedure 
4 4.1116 4.1241 4.1069 0.0094 0.0433 normal procedure 
5 3.6183 3.6318 3.6812 0.0101 0.0528 increase reaction time to 6 h 
6 4.0554 4.0722 4.1069 0.0126 0.0389 
addition of 2 wt.% ferrocene, 
H2 rate of 0.3 l/min 
7 2.4716 2.4868 2.5478 0.0114 0.0648 
addition of 2 wt.% ferrocene, 
H2 rate of 0.7 l/min 
8 3.7071 3.7263 3.7736 0.0144 0.0521 addition of 0.2 wt.% ferrocene 
9 2.5444 2.5622 2.6411 0.0133 0.0833 addition of Ni(NO3)2 
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Me: weight of blank ceramic (g) 
Mc: weight of ceramic after being dipped in the catalyst solution and having 
removed the acetone (g) 
Mf: weight of ceramic/CNT composite (g) 
Mcat=0.75×(Mc - Me)  (g) 
MCNT=Mf - Mcat - Me  (g) 
* normal procedure means the final settings which were used for ceramic/CNT 
composite    fabrication as described in chapter 3. 
Finally, a multi-stage growth was developed in order to improve the CNT yield. 
In this process, after the first CNT growth experiment was finished and the sample was 
cooled down to room temperature, the entire resulting composite was again dipped in 
the same catalyst solution. After the removal of the acetone, the first stage composite 
was then put back into the furnace for the second stage of CNT growth, i.e. another 30 
min in hydrogen atmosphere (0.3 l/min) for reducing the catalyst nanoparticles at 
400˚C. Based on TGA results of the composite in Ar, presented in Fig. 4. 29a, the onset 
weight loss of CNTs in argon is at 630˚C and the thermal decomposition of Ni(NO3)2 
(Fig. 4. 29b) in Ar finishes at 325˚C , 400˚C was chosen for the catalyst activation at 
this stage to avoid any damage to the pre-grown CNTs. Then, after increasing the 
temperature to 780˚C, the carbon source (camphor acetone solution 40 vol. %) was 
injected into the furnace at a rate of 0.8 cc/h for 1.5 h using hydrogen as the carrier gas 
(0.3 ml/h). This process also could not meet the expectation for increasing the carbon 
nanotubes yield as it is shown in Fig. 4. 31. 
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Fig. 4. 29.  TGA results show the thermal stability (up to 630˚C in argon) of CNTs grown 
on ceramic matrix (a), and decomposition temperature of nickel nitrate in argon, (b). 
TGA result presented in Fig. 4. 29a also indicates the total yield of CNTs is 2.7 wt. 
%. This value increases up to 3.1 wt. % (Fig. 4. 30) for other samples. These different 
yields could partly be a result of the removal of CNTs during sample preparation for 
TGA investigation or unavoidable changes in synthesising parameters such as the 
amount of deposited catalyst on sample. 
 
Fig. 4. 30. TGA of ceramic/CNT composite conducted in air that shows yield of 3.1 wt. % 
for CNT growth. 
a) 
b) 
133 | P a g e  
 
 
Fig. 4. 31 shows SEM images of samples prepared during multistage process at 
different magnifications, where existence of plenty amount of amorphous carbon is 
visible. 
  
Fig. 4. 31. SEM images of samples produced during the multi-stage process for increasing 
the yield of CNTs. It is clear that the sample surface is covered with amorphous carbon 
and the pre-produced CNTs have been destroyed.   
To conclude, three different approaches for increasing the yield of CNT on 
ceramic substrate were tested, and the limited improvements achieved are inconclusive. 
Further study and approaches may be required in the future.  
4. 2. 4. CNT characterization 
After finalising the experimental conditions and finding the best settings for CNT 
growth on ceramic foams (as described in chapter 3), SEM images were taken from 
sample. Fig. 4. 32  shows the surface of the sample faced to the outlet of gas stream, at 
two different magnifications. It shows the high quality and quantity of the CNTs 
covering the ceramic foam surfaces. It is clear now that moving from front face toward 
backside face of the sample, the quality of CNTs drops (referring to Fig. 4. 21 and Fig. 
4. 23).  
a) b) 
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Fig. 4. 32. SEM images of the sample after synthesising large amount of CNTs at low (a) 
and high (b) magnifications.  
TEM results have also confirmed the quality of CNTs being high. One CNT with a Ni 
particle as the catalyst at a tip of a nanotube is shown in Fig. 4. 33.  
 
Fig. 4. 33. (a) TEM image of  CNTs showing the structure feature of the produced 
nanotubes; and (b), a higher magnefication TEM image of the zoomed part in (a) which 
shows one catalyst particle attached to the tip of a CNT. 
Understating the exact growth mechanism of CNTs in this approach seems very 
difficult and complicated as we have also observed CNTs with open ends (Fig. 4. 33a), 
CNTs with catalyst detached to its end (tip growth) (Fig. 4. 33b), CNTs attached to the 
substrate without any catalyst particle at the tip suggesting root growth mechanism (Fig. 
4. 34a), and also catalyst at both ends (Fig. 4. 34b). We believe that for CNTs with open 
ends might be the result of falling off catalyst particles during grinding process for TEM 
sample preparation. Thus, we cannot clearly define one growth mechanism for present 
growth. However, tip growth is believed to be the main growth mechanism. 
a) b) 
a) b) 
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Fig. 4. 34. TEM images of CNT (a) free of catalyst at tip, and (b) catalyst particles 
encapsulated at both ends.  
As seen in Fig. 4. 33 and Fig. 4. 34, the resulting nanomaterials are indeed 
hollow, being CNTs rather than solid carbon nanofibres, with average diameters of 40 
nm and lengths up to several micrometres (Fig. 4. 35). 
 
Fig. 4. 35. TEM image shows the length of a CNT. 
 
(a) (b) 
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4. 3. Conclusion  
Large scale in-situ growth of CNTs inside ceramic matrixes possesses technical 
challenges. Intensive researches for direct on-site growth of CNTs inside such porous 
alumina (100-150 µm pore size) and ceramic foam (300 and 500 µm pore sizes) 
matrixes were carried out. 
For porous ceramic substrate with 100-150 µm pore sizes:   
 The effects of different catalysts and carbon sources on the fabrication process 
were studied 
 Uniform coating of catalyst (nickel nitrate) on all surfaces of ceramic substrate 
was achieved  by using catalyst solution rather than use of metal powders 
 Use of tar-pitch as carbon source resulted in mostly fabrication of sphere carbon 
 Camphor was used as carbon source which counts as a green regenerative and 
cheap source 
 High melting and boiling point of camphor along with its solubility in acetone 
and its solid form were the most important technical parameters of this carbon 
source 
 A novel unconventional method was introduced for the first time 
 Process involves introducing both catalyst and carbon source inside the ceramic 
matrix and initiating the growth from inside 
 The resulting MWCNTs have average diameters of 30–70 nm and lengths of up 
to several micrometers 
 SEM and TEM investigations suggest tip growth as the growth mechanism 
 The reaction time is considerably short (3 min) 
 Process results in uniform distribution of CNTs at all section of ceramic matrix 
as function of distance from surface 
 A 13% weight increase in samples after optimizing the synthesis parameter has 
been achieved. This weight increase includes the weight of both CNTs and 
catalyst particles.  
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 Such an easy fabrication process at low reaction time is favourable for mass 
production at industrial scale 
 
For ceramic foam with 300 and 500 µm pore sizes, different method was introduced: 
 As the ceramic foam has high gas permeability, carbon source was injected into 
the furnace (conventional CVD process) 
 Catalyst solution concentration had a dominating effect on CNT growth. This 
effect was carefully studied and 1 wt. % concentration of nickel nitrate in 
acetone solution founded to be the optimum condition 
 Temperature was introduced as another important factor which plays an 
important role in quality of CNTs. A wide range of temperatures (from 600 to 
1100˚C) were tested and detailed results were presented. 780˚C was eventually 
chosen as reaction temperature 
 Injection rate and carrier gas flow rate (H2) were named as other controlling 
parameters which their effects were clearly discussed as well. 0.3 L/min and 0.8 
cc/h were used for H2 flow and carbon source injection rates, respectively. 
 SEM and TEM investigations suggest again tip growth as growth mechanism 
with average diameter of 40 nm and lengths up to several micrometres 
 TGA results revealed a 3 wt. % of CNTs can be yielded 
 It was tried to increase the yield of CNTs by addition of ferrocene and nickel 
nitrate to the carbon source solution and also by developing a multi-stage 
process. Limited improvements achieved are inconclusive. Further study and 
approaches may be required in the future.  
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Chapter 5: Ceramic-Polymer composite reinforced with CNTs 
5. 1. Introduction 
Exploring the marvellous properties of CNTs has opened up its way in many 
scientific researches toward engineering applications. There are many attempts to use 
ceramics as a matrix for the synthesis of nanocomposites, availing their chemical 
inertness, high stiffness and thermal stability with relatively low density as discussed in 
previous chapter. There has been also an increasing interest in the studies of polymer-
CNT nanocomposites, due to the unique combination of the promising properties and 
versatility of construction of multifunctional structures of each component [228]. 
Practically, almost all polymers can be processed to make nanocomposites [229]. Many 
polymers, such as epoxy [230], polycarbonate [231], polyamide [232-234], polyimide 
[235], polystyrene [236], and polypropylene [237], have been used to prepare polymer-
CNT nanocomposites. However, infiltration of polymers into porous ceramics is a 
relatively new idea, which counts as a novel class of functional materials with a great 
potential for industrial applications. The high hardness, stiffness and wear resistance of 
ceramic, combined with the elasticity properties of polymers, can be an advantage in 
many commercial applications which are now limited by the poor mechanical properties 
of ceramics [38-40]. This type of composite materials has higher initial compressive 
strengths in comparison to porous ceramics, and could sustain larger deformations. 
Therefore, such composites could absorb energy more efficiently than both their 
constituent components separately, making them a desirable material as lightweight 
shielding or panels for protecting objects and structures against impact loads [41, 42].   
We believe that the addition of CNTs to this new class of functional materials may 
further significantly improve their properties. This represents the first effort to fabricate 
such polymer-ceramic composite reinforced with CNTs.  
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5. 2. Epoxy resin-ceramic-CNT composite  
 Recently, miscible thermosetting polymer blends have received growing attention 
for special applications [238]. Epoxy resins are unique among the thermoset resins due 
to several factors [239]: 
 Minimum pressure is needed for the fabrication of products normally used for 
thermosetting resins; 
 Cure shrinkage is low, hence low residual stress in the cured product;  
 Use of a wide range of temperatures by judicious selection of curing agents 
permits good control over the degree of cross linking;  
 Availability of the resin ranging from low viscous liquid to tack-free solids.  
High mechanical strength, low creep, strong anticorrosion and good electrical properties 
are among other advantages of epoxy resins. Consequently, they are widely used in 
structural adhesives, composite materials and surface coatings. Meanwhile, these 
materials also have a main shortcoming of low toughness and suffer from brittle 
behaviour due to their high cross linking density, therefore are prone to fracture [239]. 
Addition of CNTs might help to overcome this limitation and improve their composite 
toughness. 
The most important curing agent for epoxy resins is the diglycidyl ether of bisphenol A 
(DGEBA). The choice of curing agents depends on the required physical and chemical 
properties, processing methods and curing conditions [240]. Different hardeners can be 
used as curing agent. Triethelentetramine (TETA) and 4,4′-diaminodiphenylmethane 
(DDM) are the most important curing agents. However, studies have shown that the 
DGEBA/DDM system exhibits better mechanical properties (Young’s modulus, tensile 
strength, hardness, flexural strength, and compression strength) than the DGEBA/TETA 
system [240, 241]. It has also been shown that the addition of polyethylene oxide (PEO) 
to the epoxy resin can improve its mechanical properties[238]. Table. 5. 1 shows the 
mechanical properties and fracture toughness of DGEBA/DDM/PEO blends for 
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different PEO contents and cure temperatures for comparison purposes [238]. Clearly, 
the best improvements in mechanical properties have been obtained at 10 wt. % PEO 
addition and cured at 140°C. This is why the DGEBA/DDM/PEO system has been 
chosen for this experimental work. 
Table. 5. 1. Mechanical properties and fracture toughness of DGEBA/DDM/PEO blends 
for all PEO contents and cure temperatures [238] 
 
Fig. 5.1 schematically shows the molecular structure of the DDM and DGEBA. 
 
Diglycidyl ether of bisphenol A (DGEBA) 
 
4,4′-diaminodiphenylmethane (DDM)       Polyethylene oxide (PEO) 
Fig. 5.1. Schematic illustration of the molecular structure of DGEBA, DDM and PEO 
[240, 241] 
5. 2. 1. Sample preparation 
The starting material for this part of work is acid functionalized ceramic-CNT 
nanocomposite with 500 µm pore size, prepared in previous section. Samples were 
infiltrated by DGEBA/DDM/PEO system. In order to produce the epoxy resin blend, 
the DGEBA was first mixed with a 10 wt.% PEO as a modifier at 80˚C. Then, the 
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curing agent DDM was added in a stoichiometric amine-epoxy ratio with continuous 
stirring at 80˚C until a homogeneous blend was achieved. The polymer is ready for 
infiltration at this step. In order to reach satisfactory level of filling, several approaches 
were tested such as using a silicone mould (Fig. 3. 8), as easy removal of samples from 
mould without damaging is an important factor. 
Due to the large porosity of ceramic substrate, and the large amount of air 
introduced into the epoxy resin during mixing chemical process, the sample was put in a 
vacuum chamber to remove the air. During this process, a large amount of resin was 
forced out of the mould, therefore more polymer was required. The silicone mould 
could not satisfy this requirement. 
A special aluminium mould was then designed as shown in Fig. 3. 9, with the 
capacity to provide extra polymer for the moulding process (Fig. 3. 9b part III). When 
the ceramic substrate placed in part II, and part I provides a passage way for air to leave 
the mould, enough polymer remains inside the mould to completely fill the samples. 
The mould designed for the infiltration of epoxy resin into the ceramic is shown 
schematically in Fig. 3. 9b. The mechanical force caused by turning the screw applies 
the pressure to overcome the viscosity and drives the polymer flowing through the 
cavities, improving the degree of filling. It is obvious that the removal of cavities will 
have a significant effect on the final mechanical property of the sample, as they can act 
as stress concentration points and cause failure under stress. 
μ-CT scan confirmed that the degree of filling was more than 95% for different 
samples. Lower degree of filling particularly happened in samples with CNTs which 
may be attributed to the poor wettability of CNTs with epoxy resin. Fig. 5. 2 shows the 
plain ceramic, epoxy resin-ceramic, and epoxy resin-ceramic-CNT composites, after 
polishing.  
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Fig. 5. 2. Photograph of a plain ceramic matrix (left) before and after polymer infiltration 
(middle), and the ceramic-CNT-epoxy resin composite (right).     
Two composite samples were then cut in half, and their cross sections are shown in Fig. 
5. 3. From these cross sections, it can be seen that a high degree of filling has been 
achieved. It can also reveal that CNTs have grown in all the interconnected pores of the 
ceramic substrate, and the shear stress caused during injection resin seemed do not 
remove the CNTs from the internal pore surfaces and they remained intact. It is 
however some CNTs have indeed been removed from some parts of ceramic (bright 
arrowed parts in Fig. 5. 3b) during the polishing and cutting procedure.  
        
 
Fig. 5. 3. Optical images of the cross-section of the epoxy resin-ceramic composite (a), and 
epoxy resin-ceramic-CNT composite (b). Low magnification SEM image of the composite 
containing CNTs (c). 
After the samples were further cured inside the aluminium mould for 3 hours at 
130˚C, a TGA investigation in air showed that the cured epoxy resin was stable up to 
350˚C (Fig. 5. 4). This result is an indication of the top range of temperatures the 
composite could be used, as both ceramic and CNT are much more thermally stable. 
a) b) 
c) 
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Fig. 5. 4. TGA result for pure epoxy resin in air which suggests its stability up to 350˚C in 
air 
In order to show how CNTs have been embedded inside the epoxy resin and to 
make sure they have survived the infiltration process, not being removed from the 
internal walls of ceramic, SEM investigation was performed. To observe CNT clearly, it 
was necessary to remove part of the ceramic, which allows for looking into the cracks 
and interfaces between the ceramic and resin. For this purpose, the composite was 
broken into small pieces (Fig. 5. 5a). Scanning the cracks and sample interfaces, we 
successfully observed the CNTs (Fig. 5. 5). The pits arrowed in Fig. 5. 5d are believed 
to arise from small cavities.  
 
a) 
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b) 
c) 
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Fig. 5. 5. SEM images of CNTs embedded inside the epoxy resin at different 
magnifications. 
SEM images in Fig. 5. 5 revealed that CNTs have been distributed evenly in all 
over the composite. This shows that we have managed to overcome one of the most 
difficult challenges in fabrication of polymer-CNT composite which is agglomeration of 
CNTs inside the matrix as it was well explained in literature review in chapter 2. Here, 
CNTs look straightened and thicker compared to their condition before epoxy resin 
d) 
e) 
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infiltration. This can be explained by considering the long vacuum time along with the 
shear stress applied during the infiltration process which has straightened the nanotubes. 
Large van der Waals forces can attach CNTs together; when these forces combine with 
the shear stress of epoxy resin infiltration, CNTs stick to each other and form thicker 
fibres after they were entangled with epoxy resin as can be seen in SEM images.  
 
Using Archimedes principle, we obtained the densities of the samples and the 
results are presented in Fig. 5. 6. The error bar in the figure is the result of different 
density of ceramic substrates supplied by Dynamic-Ceramic Ltd. 
 
Fig. 5. 6. Densities of pure epoxy resin, polymer-ceramic and polymer-ceramic CNT 
composites obtained by Archimedes principal.  
5. 3. Polyamide 12-ceramic-CNT composite 
 Polyamides (PA) have also been used widely for the fabrication of composites 
[232-234, 242]. Polyamides were the first studied and commercially used matrices of 
polymer nanocomposites [243].For processing PA 12, there are several grades of PA 
(PA6, PA11, PA12, and PA66). The mechanical properties of PA12 are generally good 
and all the molten-state methods are usable for this processing: extrusion, injection, 
compression, blow moulding, thermoforming, machining for high hardness grades and 
also welding [244]. Some of these properties are [229, 244, 245]: 
 More flexible than PA6 and PA66, 
 Adapted to extreme climates,  
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 Less sensitive to water and moisture 
 Better behaviour at low temperatures 
 Good stress cracking resistance 
 Low density 
 High abrasion resistance 
 High elongations at break but much limited strains at yield 
 PA12 fibres represent excellent strength/toughness balance 
 Generally good chemical resistance  
It also has some shortcomings, such as: 
 Expensive 
 Lower modulus and hardness compared to the other grades 
 Larger shrinkage and coefficient of thermal expansion 
 Weak fire resistance, easy to burn to generate flames 
Overall, PAs possess very interesting properties for various industrial applications [229, 
244]. Therefore, it is chosen in this thesis to fill the ceramic-CNT composite.  
5. 3. 1. Sample preparation 
The same aluminium mould (Fig. 3. 9) was used to infiltrate the polyamide 12 
into the ceramic substrate. PA12 were in solid powder form. The bank of the mould was 
first filled with the PA powder. After shaken it is put into an oven (200°C) to allow for 
the powder/molten penetrating into the porous ceramic and pass through. This facilitates 
the wettability of the substrate with PA12. Unlike the epoxy resin, injecting the PA12 
into the porous ceramic requires much higher pressure. Furthermore, the injection 
should take place very quickly before the PA drops temperature which increases its 
viscosity and potentially damage the substrate. The high injection pressure was supplied 
using a hydraulic press.  
µ-CT scan was used to evaluate the degree of filling, and to investigate any 
possible damages to the ceramic substrate. Fig. 5. 7 shows the µ-CT scan image of a 
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damaged substrate. This broken sample had a similar appearance to other ones and 
could only be detected by using µ-CT scan.  
 
Fig. 5. 7. µ-CT scan image of a broken ceramic substrate as the result of high injection 
pressure. 
Further µ-CT scan results have confirmed that it is possible to successfully infiltrate 
PA12 into the ceramic substrate with up to 99.85% degree of filling (Fig. 5. 8).  
 
Fig. 5. 8. µ-CT scan proved the successful infiltration of PA12 into the porous ceramic 
substrate with more than 99% degree of filling. 
Polished surface of one sample is shown in Fig. 5. 9. The black curve lines are 
CNTs surrounding the ceramic pores. Interconnectivity of pores is detectable here. Grey 
parts are PA12 and brighter white parts are contributed to the ceramic substrate.   
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Fig. 5. 9. Photograph of the polished surface of a polyamide-ceramic-CNT composite. 
Black curves, grey parts and white bright parts are contributed to the CNT, PA12 and 
ceramic, respectively. The interconnectivity feature of the pores is also visible in this 
photo. 
Similar to the epoxy resin-ceramic-CNT composite, the SEM investigation was 
performed on purposely fractured composite surface in order to identify the CNTs 
inside the composite (Fig. 5. 10). 
 
a) 
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Fig. 5. 10. SEM images of CNTs embedded inside PA12 at different magnifications. 
As can be seen in Fig. 5. 10, the shear stress applied during the infiltration did not 
induce further improvements in nanomaterial alignment. This result implies that these 
nanotubes orient rather easily under shear flows, but have significant in-built curvature 
from their synthesis, which cannot be straightened [245]. However, in epoxy resin-
ceramic-CNT composite, separated and mostly straightened CNTs were visualized (Fig. 
5. 5). A possible explanation for this different appearance of CNTs inside these two 
polymers (PA12 and epoxy resin), can be the long vacuum time (24 h) used for epoxy 
b) 
c) 
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resin composite preparation. This high level of vacuum for such a long time can steadily 
apply the required force for straightening of nanotubes when the epoxy resin gradually 
entangles them. During this process, some of the aligned CNTs will attach to each other 
and form thicker strings. And CNTs remained in that position after epoxy resin cured. 
When in PA12 composite, the injection force by its own is not strong enough to induce 
further improvements in nanomaterial alignment and apply the similar effect as 
vacuuming. Also, the PA12 infiltration is relatively happening at shorter time and it 
solidifies very quickly at room temperature which cannot provide the required force and 
time for straitening the CNTs. Wettability of CNTs is another dominating factor. A 
tailored functionalization of CNTs can lead to the formation of covalent bonds between 
CNTs and the polymeric matrix, resulting in a strengthened interface and an improved 
wettability of the CNTs [246]. Wettability by its own is greatly dependant on the 
viscosity of the polymers [247]. This dominating factor (viscosity) can also explain the 
different envisaged shapes of CNTs in our thermoset and thermoplastic polymers. A 
high viscosity matrix will cause poor wetting/ interpenetration [247]. Epoxy resin has 
considerably lower viscosity compared to the PA12. This low viscosity increases it 
wetting with CNT when nanotubes can also move easier and straightened by lower 
force compared to the condition in the viscous molten PA12. Good wetting between 
aligned CNTs and epoxy resin has been previously confirmed which indicated strong 
interfacial adhesion [121, 248]. 
Finally, the density of composite material and PA12 were also studied using the 
Archimedes principle and results are presented in Fig. 5. 11. As mentioned earlier, the 
ceramic substrates have different densities, therefore the error bar in Fig. 5. 11 are 
relatively large. 
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Fig. 5. 11. Densities of PA12, PA12-ceramic and PA12-ceramic CNT composites obtained 
by Archimedes principal. 
5. 4. Conclusion 
After having successfully fabricated ceramic-CNT composite, we further 
extended our research into a novel class of functional material, by infiltration of these 
composites with two types of polymer: a thermoset epoxy resin and a thermoplastic 
PA12.The infiltration processes were developed and a high degree of filling of these 
multiple component composites has been achieved (confirmed by µ-CT scan). Results 
also indicate that infiltration has not damaged the ceramic truss while CNTs have been 
distributed uniformly inside the matrix.  
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Chapter 6: Filtration properties of low density ceramic/CNT composite 
6. 1. Introduction 
Pollution has been one of the major modern problems confronted by mankind today 
which represents a sever threat to surrounding natural resources and to our health. The 
threat of pollutants and contaminants arises from different sources, including submicron 
and nanosized particles in polluted air, which will reach the lungs and subsequently 
remain in the alveoli and cause respiratory problems [166], or heavy ions, toxic 
chemicals and pathogens in contaminated water, which will cause severe damage to our 
daily life as well as to a variety of industries including pharmaceuticals and food [167]. 
In particular, toxic heavy metal ions in wastewater from industries such as 
metallurgical, mining and battery manufacturing could accumulate in living tissues and 
lead to irritation and cancerous concerns. Stringent standards are now in place to 
regulate their discharge to and removal from aquatic environment [34]. New 
technologies are in constant demand for the reduction and completely removal of these 
harmful contaminants, in order to improve the quality of life. 
Nanofibres and nanotubes have emerged as a promising filtration material, and 
increased research interests have focused on their application for water and air 
purification. In particular, CNTs, owing to their high surface areas and large aspect 
ratios, have received special attentions for their excellent capabilities as a nanosorbent 
for filtering organic, inorganic and other contaminants from water [32]. Either 
embedded in membranes or supported on other structural media such as metal or 
ceramic truss, CNTs have been explored for the construction of new filters. CNTs 
deposited on a microporous membrane can be highly efficient in the removal of viral 
and bacterial pathogens [10, 249]. Although CNTs have been widely considered 
promising in the removal of heavy metal ions from wastewater, it is hard to find a 
practical one for industrial application.  
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A densely packed CNTs network containing various pore sizes from micropores to 
mesopores can immobilize pollutants either in air or in aqueous via physisorption [32]. 
However, the high pressure drop across the network and the high fabrication costs [8, 
175] restricted their applications in air filters. For heavy metal ions adsorption over 
CNTs, chemical interaction involving valence (bond) forces through sharing or 
exchanging electrons is known to be the dominating mechanism (chemisorption) [194]; 
in addition, the microbial cytotoxicity of CNTs could also play a role in improving the 
filter performance [10]. However, the immediate technological challenge is how to 
convert the proven excellent adsorption behaviour of a loose CNT powder into a cost 
effective and practical filter for specific applications via proper treatment, akin to the 
breakthrough made in CNT oil filter [37].  
In this chapter, the filtration performance of the ceramic/CNT composite will be 
assessed for the removal of bioorganic and inorganic contaminants from water, and of 
particulates from air. The model yeast Saccharomyces cerevisiae, BY4741 [204], was 
used as bioorganic model; and different heavy metal ions solution in water including 
Fe
2+
, Cu
2+
, Mn
2+
, Zn
2+
 and Co
2+
 were used as inorganic contamination. The solution 
containing these contaminants were later simply passed through the ceramic/CNT 
composite filter fabricated in chapter 4 using a syringe pump. For air particulate 
filtration, number of particles ranging from 0.3-10 µm  in ambient air before and after 
placing the ceramic/CNT filter on inlet of a Lighthouse portable airborne laser particle 
counter (SOLAIR 3100)  as was discussed in chapter 3 were recorded to evaluate air 
filtration efficiency. These results, representing a big leap towards practical application, 
may open new opportunities for CNT engineering. 
6. 2. Wettability and functionalization of filter  
Although the Al2O3 used in this work is very absorbent, it can be seen clearly in Fig. 
6. 1 that the CNT-coated filter is hydrophobic which originates from the hydrophobic 
characteristics of as-prepared CNTs [250]. Functionalization of the CNTs to modify 
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their surface behaviour is therefore an important step for the filter to be utilized in water 
systems, where improved wettability is desired for many practical applications [32]. It is 
possible to modify sidewalls or ends of CNTs with covalent or non-covalent 
attachments that provide better surface contact with adsorbents [251]. However, this 
type of surface treatment involves chemical solvents or acid and will usually lead to 
localized CNT densification and bundle formation on the ceramic surfaces (both 
external and internal) during the drying process, which could reduce the effective 
contact surface areas of the filter and result in reduced functionality for some 
applications. An alternative air oxidation process (at 400 ˚C) was also used to modify 
the CNTs in the filter. Compared with the wet chemistry method, this allows 
maintaining the original orientation and distribution of the CNTs on the surface of the 
filter cavities without being disturbed which is important for some applications such as 
air particulate filtration.  
 
Fig. 6. 1. An illustration of the surface hydrophobic behaviour of filter with as-CNTs 
6. 3. Yeast filtration 
Liquid filtration experiments were carried out by placing the composite filter in a 
centrifuge tube and injecting the yeast solution onto it at specific injection rates using a 
syringe pump. Filtration was done by using a 300 µm pore-sized CNT filter (CNT-300) 
when later a 500 µm pore-sized CNT filter (CNT-500) was used as well in order to 
study the effect of pore size in yeast filtration efficiency.  
After the filtration of yeast, the filter was carefully cut open to expose the internal 
structures. Followed by drying the samples in an oven at 100ºC for several hours, the 
dry composite samples were further investigated by SEM. Due to the high conductivity 
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of CNTs which formed a continuous network within the open channelled substrate, the 
samples exhibited good conductivity. Thus, all SEM investigations were performed 
without any coating. As samples contain large amount of water after filtration, to obtain 
high quality images of fresh yeast cells in the filter using a standard SEM is not feasible. 
Therefore drying in oven was unavoidable. Thus, for demonstration purpose, several 
droplets of yeast solution were placed on a filter which would quickly satisfy the 
requirement for SEM observation, to present the fresh appearance of cells blocked by 
the CNTs (Fig. 6. 2).  
 
Fig. 6. 2. SEM images of fresh yeast cells placed on CNT nanofilter at different 
magnifications. 
Fig. 6. 3 shows the filtered large yeast cells (large bright particles) attached to the CNT 
surfaces after the filter was dried in oven. At higher magnification, it is found that a 
yeast cell was wounded by the tangled CNTs. It is believed that the exposed long and 
tangled CNTs on the internal filter cavity surfaces would physically ‘capture’ and 
immobilize the yeast cells, whilst allow water passing through (Fig. 6. 3d). The pit 
arrowed in Fig. 6. 3a is believed to arise from a fallen off yeast cell after the filter was 
a) b) 
c) d) 
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cut open. The overall size of these pits must have been increased during the drying out 
process owing to shrinkage of both CNT networks and the cells.  
 
Fig. 6. 3. SEM images of the filtered yeast cells by CNTs at different magnifications. The 
tangled CNTs are closely connected with the yeast cells and have immobilised them. 
Both the filter length and stock solution flow rates have showed strong influence on the 
overall filtration efficiency, and the results are summarised in Fig. 6. 4. 50 mm and 70 
mm long filters both reached a maximum efficiency of 98% at a flow rate of 20 ml/h. A 
further reduced flow rate of 10 ml/h was also tested, and the results exhibited no further 
improvement, with the efficiency remaining at 98%. Parallel experiments using the 
plain porous Al2O3 discs without CNTs were also performed on a 20 mm long filter at a 
20 ml/h flow rate, and merely achieved an efficiency of <5%, possibly due to physical 
blockage, against a 68% efficiency obtained using 20 mm long CNT filter at similar 
flow rate. These results have clearly proved that CNTs played the decisive role in the 
filter. At lower liquid flow rate, longer interaction time between CNTs and the yeast 
cells will become possible; and the longer filters offer more barriers on the cells’ 
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pathway, resulting in improved efficiency. However, by further reducing of the flow 
rate, the maximum efficiency of 98% was achieved and we could not further improve 
the efficiency. For low injection rate (20 ml/h), the results were very consistence with 
less than 0.5% fluctuation however for higher speeds (40 and 80 ml/h), the experimental 
error increased to 1% and 2.3%, respectively. Fig. 6. 4 present the maximum efficiency 
obtained in the experiments. For each case, based on the consistency of the results, 
experiment was repeated 3 to 5 times. 
 
b) 
a) 
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Fig. 6. 4. Composite filter efficiency for yeast cells and the role of CNTs in the filtration. a, 
Composite filter efficiency for yeast as a function of filter length and injection rate; b, 
Composite filter efficiency for yeast as a function of injection rate and filter pore sizes; 
and c, SEM image of two ceramic substrates with 300 µm (on top) and 500 µm (on bottom) 
pore sizes. 
To verify the influence of initial pore sizes, we conducted experiments using filters of 
different pore sizes but with identical 50 mm filter length, and the result is shown in 
Fig. 6. 4b. Higher efficiencies for the 300 µm pore-sized CNT filters across varied flow 
rates are obvious, compared to that of the 500 µm pore-sized filters. The finer pore-
sized matrix has indeed helped to achieve higher efficiency. However, this poses a 
challenge for uniform CNT growth inside the much finer pores as was discussed earlier 
in chapter 4. It is suggested that following that strategy, it is possible to fabricate filters 
with smaller pore sizes and further improve the efficiency of filtration. With the 
assistant of the substrate supplier (Dynamic-Ceramic Ltd), we have tried to further 
reduce the pore size of the ceramic foam. However, this was technically challenging and 
caused lots of defects in the ceramic substrate, such as different densities of the samples 
or hollow defective samples as shown in Fig. 6. 5. 
c) 
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Fig. 6. 5. Hollow ceramic foam produced by the supplier. 
 
Fig. 6. 6. Several filters burning after filtration of yeasts by adding acetone, representing a 
method for the filter regeneration. 
Compared with membranes that are used for micro and nanofiltration, the current 
composite filters have clear advantages, such as being robust and durable, and in 
particular reusable. The reusability feature of the current filters is demonstrated in Fig. 
6. 6. Due to the high thermal stability and resistance of both the matrix and CNTs, the 
bio-contaminants inside the filter can simply be burnt off without damaging the CNTs, 
because of the lower burn off temperature for yeast, leaving the filter functionality 
almost intact.  
CNTs are reported to have high thermal stability. However, this stability varies 
for different CNTs with different structures. Our TGA investigation of the pristine 
CNTs grown under identical experimental conditions used for filter production has 
showed that the onset weight loss occurred at temperature over 530˚C in air (a), which 
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proves the weight loss of the filter in Fig. 6. 7b is contributed totally to CNTs. Thus, it 
is believed that the bio-contamination removal process by burning the dirt out will not 
damage the CNTs. This is further confirmed by SEM and TEM studies, as shown in 
Fig. 6. 8.  
 
Fig. 6. 7. TGA results show the high thermal stability (up to 530˚C in air) of CNTs grown 
on ceramic matrix (a), showing an unchanged onset weigh loss temperature after burning, 
and the total weight loss owing to CNT content, (b). 
   
Fig. 6. 8. SEM (a) and TEM (b) images of CNTs after burning the filter, showing their 
morphologies identical to pristine CNTs. 
a) 
a) 
b) 
b) 
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 Fig. 6. 9 compares the results obtained for a 50 mm long filter with 300 µm pore 
size with 20 ml/h injection rate after being reused for three times, suggesting the 
excellent reusability of filters. This result has verified that the burning recycled filters 
have showed negligible differences in filtration efficiency, suggesting a promising 
robust and reusable feature for the present CNTs/ceramics composite filters. 
 
Fig. 6. 9. Filters maintained their high removal efficiency after three burning cycles. 
6. 4. Air filtration 
Heating, ventilating and air conditioning (HVAC) air filters are intended for air 
purification working in conditions of dark, damp and ambient temperature which  
provide ideal environment for bacterial, mould and fungal attacks. The situation 
becomes worse when these micro-organisms adhere to the accumulated dust on the filter 
and consume the accumulated dust as food and proliferate. As a result, there will be an 
unpredictable deterioration of the quality of air and production of bad odour [170]. By 
using CNTs with their antibacterial property [10], it is possible to address this issue with 
added features of improved mechanical properties and efficiency. A Lighthouse 
portable airborne laser particle counter (SOLAIR 3100) was used to record an ambient 
air passing through the filter, monitoring the concentration of particles ranging from 
0.3-10 µm in outlet gas. Filter was placed on the inlet of particle counter (Fig. 6. 10) and 
carefully wrapped with thin plastic layer in order to make sure air sucked just from the 
top surface. This allows the whole length of filter be effective in filtration process. 
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Table. 6. 1 presents number of air particles before filtration. Composite filters of two 
different pore sizes, 300 µm and 500 µm, and various length combinations were tested 
in this study. 
Table. 6. 1. Number of air particles before filtration 
Particle 
size 
0.3 µm 0.5 µm 1 µm 5 µm 10 µm 
air 25,387,145 1,652,726 372,852.2 10,453.1 6,639.2 
 
 
Fig. 6. 10. Lighthouse portable airborne laser particle counter (SOLAIR 3100) with filter 
placed on its inlet. 
Fig. 6. 11 displays the resulting particulates filtration efficiencies in air for 
different pore sized samples (300 and 500 µm) with and without CNTs. Filter efficiency 
was calculated by counting the differences between the amount of contaminant 
concentrations in the media before and after the filtration. The results show that with the 
incorporation of CNTs, the filtration efficiencies have increased dramatically against the 
plain ceramics, particularly for particles with smaller sizes of 0.3 and 0.5 µm. The 100 
mm long composite filters can stop nearly 90% and 95% of such particles, compared 
with 28% and 60% respectively, which are tripled and doubled.  
This blockage influence can be explained by considering the Brownian diffusion 
mechanism. Longer filters result in decreased gas flow velocity, which allows particles 
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to have more time interacting with the exposed CNTs on the pore surface. A nose hair 
effect is believed to be the main mechanism for blocking these finer particulates. In this 
regard, in consistence with the results reported by Guan and Yao [252], the amount of 
CNTs will be the dominating factor on the efficiency, compared to ceramic pore size, as 
demonstrated in Fig. 6. 11b. In Fig. 6. 11b, the initial efficiency of 300 µm pore sized 
plain ceramic is higher than that of CNT-500 µm pore sized filter for a short 10 mm 
filter, for 0.5 µm particles, but increasing the filter length which allows more nanotubes 
to be involved, gradually raised the composite efficiencies. For 100 mm long filters, the 
CNT-500 µm filter has reached 85% compared with 60% for the 300 µm pore sized 
plain ceramic filter. Interestingly, a 10 mm long CNT-300 µm or a 20 mm long CNT-
500 µm is enough to capture all the particles ≥5 µm, which is equivalent to a 80 mm 
long 300 µm pore sized or a 100 mm long 500 µm pore sized plain ceramic, i.e. 8 and 5 
times more efficient separately. For such big particles, inertia impaction and 
interception counts as the filtration mechanism [253].  
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Fig. 6. 11. Air particulate filter efficiency as a function of filter length for 0.3 µm (a), 0.5 
µm (b), 1 µm (c), 5 µm (d), and 10 µm particles. 
Fig. 6. 12 summarises the filter efficiencies for particles < 5 µm. It can be seen 
that for a 300 mm long composite filter it is possible to capture more than 99.6% of 
particles (> 0.3 µm) in air. It is noted that after reaching 90% efficiency, further 
improving of the efficiency to almost 100% requires much more effort. This is 
explained by comparing Fig. 6. 11a and Fig. 6. 12 for 0.3 µm particles, in which a 
change of filter length from merely 10 to 20 mm for the CNT-300 µm filter results in a 
huge efficiency jump, nearly doubled; but from 200 to 300 mm leads only to a 1.2% 
increase in efficiency.  
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Fig. 6. 12. Filtration efficiency as a function of particle size for CNT-300 filter. 
It is also noteworthy that the pristine CNT filters and air-oxidized CNT filters 
exhibited very similar efficiencies for particular filtration in air, which has indirectly 
confirmed the filtration mechanism dominantly being a physical interception (Fig. 6. 
13).  
 
High efficiency particulate air (HEPA) filters have minimum removal efficiency 
of 99.97% of particles greater than or equal to 0.3 µm in diameter[170]. This 
challenging particle size at which the filter has its lowest efficiency is defined as the 
most penetrating particle size (MPPS), and for smaller particles, efficiency starts to 
increase again. For this reason, HEPA filters are often tested using this challenge 
particle of 0.3 µm diameter. This analysis suggests that we could expect higher filtration 
efficiency for particles < 0.3 µm, which we could not perform at this stage. 
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Fig. 6. 13. Pristine CNT and air oxidized CNT filters show similar efficiencies for 
particulate filtration in air. Figures represent filter efficiency of a pristine filter, pristine 
CNT-300, and air oxidize CNT-300 for different filter lengths of 50 mm (a), 100 mm (b), 
150 mm (c), and 200 mm (d) as a function of particle sizes. 
It is important to mention that the number of particles in air varies quickly as the 
result of any small movement in the workplace which cause turbulences and change the 
number of particles. Consequently, numbers of particles in work area were evaluated 
without filters before each test for more reliable comparison. However, the results were 
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in good consistency particularly for big particles (5 and 10 µm) where efficiency 
reaches 100% very quickly and the error was found to be negligible.   
Pressure drop is an important factor in gas filtration. As shown by the µ-CT scan 
image in Fig. 6. 14a, the ceramic substrate consists of randomly interconnected channels 
lay in different directions. This shape of cellular ceramic causes considerable 
turbulences generated by the tortuous flow paths, resulting in raise in the pressure drop. 
The pressure drops for a 10 mm thick filter for both ceramic-300 and ceramic-500 are 
presented in Fig. 6. 14c. This was obtained by measuring the difference of air pressure 
between the inlet and out let (ΔP=P1-P2) of a 25 cm long quartz tube with a filter sealed 
and placed in its middle as schematically shown in Fig. 6. 14b.  
   
 
Fig. 6. 14. a, µ-CT scan 3D image of a ceramic substrate showing the interconectivity; b, a 
schematic illustration of set-up for measuring the pressure drop; and c, the pressure drop 
of a 10 mm disc as a function of air flow rates. 
a) 
b) 
c) 
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As could be predicted, the thin coating of CNT on ceramic matrix compared to 
the big pore sizes (300 to 500 µm) would have negligible effect on the pressure drop for 
current filters. Therefore, these filters may suit for air filtration applications where air 
flow rate is low or pressure drop is uncritical. Fig. 6. 15 shows the difference between 
pressure drop of 500 µm pore sized filter with and without CNT fabrication. This 
indicates that considering the experimental error, fabrication of CNTs on ceramic foam 
has negligible effect on these filters pressure drop.  
 
Fig. 6. 15. Comparison between pressure drop of 500 µm pore sized filter with and without 
CNTs. 
However, it is still possible to modify the substrate pore or channel 
configuration using specifically designed unidirectional ceramic template (Fig. 6. 16). 
By applying the same CNT composite filter fabrication method one can make highly 
stable, efficient air particulate filters with lower pressure drop suitable for applications 
such as diesel particulate filters for engines. 
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Fig. 6. 16. Diesel particulate filter with parallel channels which reduce the pressure drop 
in diesel engines [254].  
6. 5. Heavy metal ions filtration  
Prior to investigating the CNT composite filter in the removal of heavy metal ions 
from water, the corresponding plain porous ceramics were tested at room temperature in 
order to rule out their effect, and a negligible adsorption capacity of less than 4% 
efficiency was recorded for 300 µm pore sized specimen. Therefore, any higher 
efficiency would be contributed to the presence of CNTs. 
As presented in Fig. 6. 17, for a single Cu ion sample (12 mg/l of CuCl2), the 
initial adsorption efficiency of an air oxidized 20 mm long CNT-300 filter reached 
99.99% ± 0.01 in a wide range of solution flow rates from 2 to 30 ml/h, suggesting that 
almost all the Cu ions were completely removed regardless of flow rates of the 
adsorption solution, which is extremely promising.  
 
Fig. 6. 17.Single metal (Cu
2+
) adsorption as a function of injection rates using 20 mm long, 
300 µm pore-sized filter. 
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However in reality, most of the contaminations from water contain mixed heavy 
metal ions, sometime unknown. Therefore a systematic investigation was carried out to 
explore their full filtration potentials for mixed metal ions. It is expected that different 
surface functional groups, which were introduced during the functionalization of 
ceramic-CNT composite via either acid treatment or air oxidation at 400 °C, will have 
strong influence on metal ions adsorption. Two differently functionalized CNT filters of 
10 mm long were immersed in a beaker containing 30 ml solution of Fe, Cu, Zn and Mn 
ions (each with a concentration of 5 mg/l) for 10h, expecting them to reach equilibrium. 
As shown in Fig. 6. 18a, the air oxidized sample adsorbed most of the Fe
2+
 and Cu
2+
, 
with only a negligible amount of adsorption for Zn
2+
 and Mn
2+
, in contrast to the acid 
functionalized sample which adsorbed ~20% Zn and Mn ions under the same 
conditions. Interestingly, the total amounts of absorbed ions are almost identical, 40%, 
just at different portions. In Fig. 6. 18b, the detailed adsorption amounts of individual 
metals have been shown in mg. It can be seen that each of the filters has adsorbed 
almost 0.27 mg of heavy metals in total but different functional groups have led to 
different adsorption portions under this competitive condition.  
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Fig. 6. 18. (a) Adsorption efficiency of 10 mm long functionalized filters for 30 ml of heavy 
metal solution containing 5 mg/l of each of Fe
2+
, Cu
2+
, Mn
2+
& Zn
2+
. One filter was oxidized 
in air and the other was treated in acid. (b) The adsorbed amount of metal ions in mg 
shows different tendencies for various ions when the total adsorbed amount is almost 
similar.  
This result has confirmed that in mixed ion situation, competitive adsorption 
mechanism dominates the adsorption process. Fe
2+
 and Cu
2+
with higher 
electronegativity tend to adsorb and occupy almost all possible adsorption sites on CNT 
surfaces, therefore exhibited higher adsorption tendency, leaving Zn
2+
 and Mn
2+
 with 
low or almost no adsorption. This experiment also shows that the acid functionalized 
CNTs could have provided more active groups than that of the air oxidised sample, and 
the adsorption tendency must have been varied for different ions. Adsorption capacity 
of CNTs strongly depends upon their surface total acidity and increases by a rise in the 
amount of surface total acidity groups (including carboxyl, lactones and phenols) [185]. 
b) 
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The chemical and thermal treatments during the functionalization procedure can affect 
the nature and concentration of the surface functional groups. The surface of untreated 
CNTs contains a small amount of basic functional groups, in addition to amorphous 
carbon, carbon black and carbon particles. Gas phase oxidation at 400˚C can introduce 
functional groups such as hydroxyl and carbonyl surface groups to the surface, whilst 
liquid acid oxidation can generate carboxylic acid functional groups on the surface of 
CNTs, as well as cleaning the amorphous carbon from the CNT surfaces. This will 
facilitate the ion-exchange capability of CNTs, as the introduced functional groups 
cause a rise in negative charge on CNT surfaces and the oxygen atoms in functional 
groups donate a single pair of electrons to metal ions, resulting in higher cation 
exchange capacity [33, 34]. 
Fig. 6. 19 shows the filter efficiencies versus filter length for Fe
2+
, Mn
2+
, Zn
2+
 and 
Cu
2+
. All the results presented here are contributed to the acid treated filters at an 
injection rate of 120 ml/h. As expected, longer filters containing more CNTs resulted in 
a higher adsorption efficiency, and all reached about 100% for the 50 mm long filters at 
different injection rates. Fe
2+
 showed a lower adsorption tendency at first, however 
when more solution passed through the filters, Fe
2+
 adsorption efficiency remained high 
compared with other ions (Fig. 6. 19b). Fig. 6. 19b also exhibits the saturation point for 
Mn
2+
 and Zn
2+
. After passing through over 60 ml solution, the Mn
2+
 and Zn
2+
 
adsorption efficiencies quickly dropped to 0%, whilst Fe
2+
 and Cu
2+
 remained relatively 
high. When more solution was passed through, a very strange negative efficiency was 
observed for Mn
2+
 and Zn
2+
, as shown in Fig. 6. 19b. We believe that the filter starts to 
release the initially adsorbed Mn
2+
 and Zn
2+
that are replaced by the newly absorbed 
Cu
2+
 and Fe
2+
 back into the solution, causing such an abnormal concentration which 
was even higher than the stock solution. This indicates that they are completely lost in 
the competition with Cu
2+
 and Fe
2+
. The result also revealed that that in the competition 
between Fe
2+
 and Cu
2+
, Fe
2+
were the winner. By maintaining its high adsorption 
efficiency, Fe
2+
 forced the Cu
2+
 out.  
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Fig. 6. 19. (a) Adsorption efficiency of filters as a function of their lengths, tested using 
heavy metal solution containing 5 mg/l of each of Fe
2+
, Cu
2+
, Mn
2+
& Zn
2+
; and (b) The 
saturation point of a 50 mm long filter tested using the same solution. 
As Fe
2+
 and Cu
2+
 ions have much higher adsorption tendencies compared to Mn
2+
 
and Zn
2+
, they were replaced with Co
2+
 in order to investigate the adsorption efficiency 
of these heavy metals ions in a less competitive environment, and the result is displayed 
in Fig. 6. 20. In this case, the filter exhibited similar efficiencies for all three ions, over 
95% when passed up to 80 ml of solution, indicating a much higher saturation point in a 
less competitive environment.    
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Fig. 6. 20. The saturation point of 50 mm long filters tested using heavy metal ion solution 
containing 5 mg/l of each of Co
2+2
, Mn
2+
 and Zn
2+
. 
Furthermore, injection rates from 1 - 500 ml/h were tested, and only a 15% drop 
in adsorption efficiencies was observed for changing solution flow rate from 120 ml/h 
to 500 ml/h for the 20 mm long filter tested using heavy metal ion solutions containing 
5 mg/l of each of Co
2+
, Mn
2+
 and Zn
2+
 (Fig. 6. 21), which suggests that the current 
filters could be used in a faster stream and they can maintain a high efficiency. It is also 
possible to have the same complete ion removal at higher injection rates by increasing 
the length of filter. Increasing temperature, further improvement in adsorption 
efficiency is also possible as was previously shown by Lu et al. for Zn
2+ 
[189]. 
 
Fig. 6. 21. Filter efficiency for individual metal ions under a competitive condition at 
different injection rates. 
In order to justify the high initial cost of current filters and introduce them as a 
practical solution for challenges in wastewater treatment, it is important to know their 
reusability. It has been well-discussed in the literature that it is possible to desorb metal 
ions from CNTs in acidic solutions (pH<2) without a noticeable drop in their filtration 
efficiency [185]. Based on these report, we have reused our samples for several times by 
desorbing the metal ions in an acidic solution (HNO3), and obtained similar results. 
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However, it has also been evidenced that during the acidic desorption process small 
amounts of CNTs were released to the solution. As the toxicity of CNTs by their own is 
a concern [198], it is important to take this fact into account and a possible secondary 
protective process (such as placing a membrane in the outlet of filters) to capture the 
potentially released CNTs should be useful. Comparing with most recent reports that 
loose CNTs were soaked into solutions for several hours before they were collected 
using a filter paper, which is slow, time consuming and less controllable [34, 189, 194], 
we believe that the current composite filters are robust, cheap, highly efficient, versatile 
and reusable. We hope that these results will be an important step for CNT filters 
toward applications in industrial scale.  
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6. 6. Conclusion 
 After successful synthesising of ceramic-CNT composites, they were used in 
filtration application for the removal of biological yeast cells and heavy metal ions from 
water, and for the removal of airborne particulates from air, under diverse experimental 
parameters. Filters were functionalized in two different methods (acid treatment and air 
oxidation) and the effects of these various functional groups on filtration properties 
were studied. Detailed experimental set ups and results were presented in this chapter 
and most important ones are listed here: 
Yeast cells filtration:  
 Maximum efficiency of 98% was achieved for yeast cell removal using 70 mm 
long CNT-300 filter at 20 ml/h injection rate when plain ceramic has negligible 
filtration efficiency. 
 SEM images of yeast cells inside filter revealed that they were captured by the 
tangled CNT networks. These tangled CNT networks on the surface of the 
internal filter cavity can physically ‘capture’ and immobilize the yeast cells 
whilst allowing water to pass through. 
 Yeast cells filtration was shown to be function of filter pore size, injection rate 
and filter length. Smaller pore, slower injection rate and longer filters increased 
the filtration efficiency significantly. 
 Finally, it was confirmed by TGA, SEM and TEM investigations that it is 
possible to reuse the filters by burning the contaminants which justify use of 
CNTs in filtration application. 
Air particulates filtration: 
 Air particulate filtration is function of filter length (CNT loading) and pore size. 
CNT loading was shown to be the dominating factor in filtration efficiency.  
 Incorporation of CNTs into the porous ceramics dramatically increases their 
filtration efficiencies and for a 300 mm long CNT-300 efficiency of more than 
99.6% was achieved. 
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 The pristine CNT filters and air-oxidized CNT filters exhibited very similar 
efficiencies for particular filtration in air, which suggests that the mechanism of 
filtration is mainly through physical interception. 
 Effect of CNTs in air particulate filtration with Brownian diffusion mechanism 
is more dominating for smaller particles (0.3 µm). And for big particles (5 and 
10 µm), inertia impaction and interception counts for the filtration mechanism. 
Heavy metal ions filtration:  
 A negligible adsorption capacity of less than 4% was recorded with the ceramic 
filters  
 A complete removal (99.99% ± 0.01) of single heavy metal ion (Cu) from water 
was achieved.  
 10 mm long CNT-300 filters functionalized by acid treatment and air oxidation 
presented different adsorption tendency for metal ions when the sum total of 
heavy metal ions absorbed was almost identical between filters at 40%. This 
result demonstrated that in the presence of mixed ions, their competitive binding 
to CNTs dominates the adsorption process. 
 Finding the saturation point of 50 mm long CNT-300 filter for removal of  Fe2+, 
Mn
2+
, Zn
2+
 and Cu
2+
 ions, it was revealed that Fe
2+
 and Cu
2+
 have higher 
adsorption tendencies and when the situation become more competitive, they 
replace their ions with Mn
2+
, Zn
2+
 and release them to the solution again. 
However, in a less competitive environment (Co
2+
, Mn
2+
 and Zn
2+
 solution), 
much higher saturation point (with almost similar metal ions adsorption amount) 
was achieved. 
 Filters maintained their high efficiency at higher injection rates. This is a 
promising result for industrial use of these CNT filters. 
 Finally, it was shown that it is possible to desorb the adsorbed heavy metals 
from CNT filters while maintaining their high efficiency. This justifies the high 
initial cost of fabricating CNT filters at industrial scale. 
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Chapter 7: Compression and impact behaviour of polymer-ceramic-CNT 
composites 
7. 1. Introduction 
 After the successful preparation of composite materials, I will continue to 
evaluate their mechanical properties. As discussed in the literature review (chapter 2), 
CNTs alone hold exceptional mechanical properties such as high elastic modulus [81], 
large elastic strain and fracture strain that are expected to provide extra absorption of 
energy and increased toughness in composites[53]. Similar conclusions have also been 
drawn by theoretical studies [11]. However, their composite material properties need to 
be verified experimentally, as the fabrication processes and application conditions have 
strong influences on these performances. In this chapter, the mechanical properties of 
our CNT composites including compression strength, hardness and impact resistance 
will be studied.   
7. 2. Compression strength 
7. 2. 1. Epoxy resin-ceramic-CNT composite 
Fig. 7.1 presents the results of the compression test for plain ceramic, pure 
epoxy resin, epoxy resin-ceramic and epoxy resin-ceramic-CNT composites. While the 
plain ceramic strength is only 5.2 MPa, the epoxy resin-ceramic composite showed a 
significant increase in its compressive strength with a value of 114.7 MPa. This 
behaviour has been dominated by the epoxy resin which has a yield point of 115.3 MPa. 
Epoxy resin-ceramic-CNT composite also showed almost a similar strength of 111.8 
MPa. In Fig. 7.1, the compression graph of the plain ceramic has been shifted to the 
right for better observation. The tress-strain profile shows that the composite deformed 
in a constant way, even the compression load was over 100 times of that of the plain 
ceramics, the structure did not collapse. 
It is expected that epoxy resin-ceramic-CNT composite should have an equal or 
higher compressive strength compared to the epoxy resin-ceramic composite. But it 
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shows a lower level of ultimate stress. This small difference of 2.6% in the strength of 
the two composites can be explained by considering the experimental errors and also 
looking at different densities of the ceramic substrates used in these composites as 
mentioned in chapter 4, Table 4. 5. Up to the yield point, both composites showed a 
very similar behaviour following the characteristic behaviour of pure epoxy resin. 
Similar to our results, it has been previously reported that in polymer-CNT composites, 
at a fundamental level, the carbon nanofillers are not providing the strengthening effect 
that was hoped for [245].It is considered that the poor intrinsic quality of MWCNTs, 
and the difficulties of stress transfer, either from matrix to filler, or internally within the 
nanotube structure, are all contributed to this phenomenon. However, after the yield 
point, the compression graphs of the two composites start to separate and show different 
characteristics. At this point, the role of CNTs becomes dominating and they start to be 
involved in the compression stress more efficiently by transferring stress and sustaining 
more energy. In the sample reinforced with CNTs, the collapse of ceramic occurred at a 
very early stage, and then the sample passed its yield point. After further compression, 
the strong interface between the nanotubes and the polymer matrix could result in 
further increase in the resistance of sample as a whole. The difference in the appearance 
of both samples after compression test can be seen in Fig. 7.2, in which the epoxy resin-
ceramic composite has totally broken into pieces but the epoxy resin-ceramic-CNT 
composite has just been pressed. In this regard, that the inter-connected ceramic foam 
has just played the role of a truss for uniform deposition of CNTs. But when it 
collapsed, it caused the formation of continuous cracks inside the composite which 
eventually led to the failure of the sample. The addition of a continuous CNT coating on 
internal surfaces inside the ceramic foam would have acted as a preserver and kept these 
broken ceramic pieces together, thus preventing the sample from sudden failure. 
Therefore, the sample can stand much higher compressive stresses due to the effect of 
CNTs. This value is even much higher compared with the pure epoxy resin. 
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Fig. 7.1. Compression test results of the plain ceramic, pure epoxy resin, epoxy resin-
ceramic composite and epoxy resin-ceramic-CNT composite samples. The plain ceramic 
graph has been slightly shifted to the right for better observation. 
Another important factor which should be considered in the compression test of 
these samples is the strain at the ultimate stress point as it is shown in Fig. 7.1. 
Although all the three samples (pure epoxy resin, epoxy resin-ceramic, epoxy resin-
ceramic-CNT) have almost similar ultimate stress values (115.3, 114.7 and 111.8, 
respectively), the pure epoxy resin exhibits more elastic deformation (0.32) compared to 
the other two samples. The addition of ceramic to the epoxy resin causes its earlier 
failure and the sample passes its elastic region 113.3% sooner compared to the pure 
epoxy resin (0.15) due to the formation of continuous cracks inside the composite which 
acted as concentrated stress points and eventually led to the sample failure. The addition 
of CNTs into the epoxy resin-ceramic composite increases the maximum strain of this 
composite (0.21) in elastic deformation region. It means that the epoxy resin-ceramic-
CNT composite can resist plastic deformation 40% more than the epoxy resin-ceramic 
composite.  
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Fig. 7.2. Optical image of the compressed samples where the left one is the epoxy resin-
ceramic-CNT composite and the right one is the epoxy resin-ceramic one. 
To conclude, despite from high expectations that CNTs should increase the yield 
point of composites, both composites had similar yield points following the 
characteristics of pure epoxy resin. However, the effect of CNTs became dominant 
beyond the yield point. The composites were capable of sustaining compression stresses 
even higher than that of the pure epoxy resin.  
7. 2. 2. Polyamide-ceramic-CNT composite 
 Fig. 7.3 shows the compression test results of PA12 infiltrated ceramic foam 
composites, with and without CNTs. A significant improvement in the compression 
strength of 96.6 MPa for the PA12-ceramic composite containing 0.5 wt. % CNTs has 
been achieved, compared with 37.3 MPa for the non-CNT-containing sample. 
 
Fig. 7.3. The compression test profiles of PA12-ceramic and PA12-ceramic-CNT 
composites. 
183 | P a g e  
 
 
In order to understand the exact behaviour of our composites, it is important to 
compare the compression behaviour with the plain ceramic and pure PA12 counterparts, 
and the results are presented in Fig. 7.4. Similar to previous epoxy resin samples, the 
infiltration of plain ceramic foam with PA12 has improved its strength by 261% (from 
5.2 to 18.8 MPa). In order to determine the behaviour of composite, as claimed by 
Gomez et al. [42], it is required to consider two dominating factors: 
1. Ceramic–polymer interface  
2. Wettability of polymer.  
If the polymer does not fill the pores completely, they will act as a concentrated stress 
point, decreasing the compression strength. Equally, if the adherence between the 
ceramic and polymer was not suitable, it would exist as a material tearing, and the 
strength would also decrease [42]. As a result, the collapse of ceramic foam under 
compressive stresses will cause an early failure of the sample compared to the pure 
PA12. But this negative effect will be reduced by the addition of CNTs which can hold 
the broken ceramic trust parts together, if a strong bonding between the CNTs, PA12 
and ceramic is presented. This strong bonding will also result in a higher degree of 
filling with less stress points, as confirmed in previous chapter by our µ-CT scan 
investigations. As a result, the composite reinforced with CNTs shows a significant 
improvement under compressive stress compared to those without CNTs. However, 
again, this behaviour is affected and governed by the PA12 characterization. Similar to 
the epoxy resin test results, the CNT-reinforced composite can withstand much higher 
stresses compared to both the PA12-ceramic composite and the pure PA12 sample. This 
high compressive strength along with the ability to sustain a large deformation is the 
result of the elastomer behaviour that shows the rubber elasticity and deforms after the 
ceramics loosens their cohesion [41]. When CNTs presented, the increase in this 
cohesion between the ceramic and the PA12 allows the sample to absorb more energy 
and sustain more deformations. 
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 The compression behaviour of the PA12 samples under the chosen experimental 
conditions is similar to that of the creep test result. The equation of each sample have 
been calculated (shown in Fig. 7.4) in order to obtain the inflection point in the graph 
which allow to define the yield stress point. These equations and their inflection points 
are as followed: 
Y1= 19.032x
6
 + 3286.6x
5
 – 6392.1x4 + 4092.5x3 – 1795.6x2 + 363.44x – 3.5683 
 x1= 0.25 => Y1= 29.6 
 x2,3= 0.45 ± 0.1i 
Y2= -1809.4 + 5427.5x
5
 – 6356.9x4 + 3958.6x3 – 1344.4x2 + 251.54x – 2.0606 
 x1= 0.26 => Y2= 18.8 
 x2= 0.74 
 x3,4= 0.37 ± 0.19i 
Y3= -3936.4x
6
 + 11100x
5
 – 12322x4 +7094.6x3 – 2181.3x2 +367.06x – 1.1351 
 x1= 0.24 => Y3= 26.6 
x2= 0.83 
x3,4= 0.41 ± 0.14i 
where Y1, Y2 and Y3 are equations for the pure PA12, PA12-ceramic and PA12-
ceramic-CNT composites, respectively. 
185 | P a g e  
 
 
 
Fig. 7.4.The compression test results of the plain ceramic, pure PA12, PA12-ceramicand 
PA12-ceramic-CNT composite samples. The plain ceramic graph has been slightly shifted 
to the right for a clearer view. 
Consequently, the addition of ceramics to the pure PA12 decreases its yield stress by 
57% (from 29.6 to 18.8 MPa). Furthermore, the addition of CNTs increases the yield 
stress of PA12-ceramic composites by 41% (from 18.8 to 26.6 MPa), which recovers 
the property of PA12. The yield stress points for all the samples are almost at the same 
strain of 0.25.   
Based on literature, the pull-out and bridging mechanisms play important roles 
in strengthening the composite. However, in our PA12 composite, we could not detect 
CNTs in wakes behaving as a bridge or as the evidence of pull-out mechanism by SEM 
investigation. The CNTs are oriented rather easily under shear flows, but have 
significant in-built curvature from their synthesis, which cannot be straightened [245]. 
As a result, we can detect plenty of coiled CNTs distributed evenly within the 
PA12matrix, as shown in Fig. 7.5. These coiled CNTs when faced to large stresses, act 
as a reinforcement phase and improved the mechanical strengths of the composites by 
stretching. 
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Fig. 7.5. SEM images of PA12-ceramic-CNT composite after the compression test at 
different magnifications.  
7. 3. Hardness 
In order to perform the hardness test, it was important to choose a big enough 
indent ball which could show the overall effect of all the three phases in the composite 
by applying the load on them. Therefore, a 1/8 inch ball has been chosen as the indent 
tip. The weight used in the experiment also will affect the results. Heavy weights may 
crush the ceramic and deform the samples; whilst light weights may hardly make any 
indention on samples. After a few initial trials, the 60 kgf load was chosen which gave 
rise to an acceptable indent on the sample. But, the hardness values for each of the 
composites till showed a wide range of results; the variation depends on the portion of 
ceramic (hard region), polymer (soft region) and CNTs under the indenter. For example, 
when the hardness of the epoxy resin was 63 HRH, the hardness of epoxy resin-ceramic 
was read between 65and 85 HRH and epoxy resin-ceramic-CNT composite ranging 
from 75 to 135 HRH. These results can clearly show the improvement in the hardness 
of specimens especially after the addition of CNTs. However, these wide ranges of 
c) 
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results (80% variation) prevent us from introducing a single value as the hardness of our 
sample for these composites. 
 
Fig. 7.6. Schematic of hardness test and how its results can be affected by different 
portions of CNT, polymer and ceramic placed under the indenter. 
7. 4. Impact and toughness  
 In order to investigate the impact resistance of our functional materials, as 
described in chapter 3, the drop tower tests were performed under constant energy mode 
(5 J) and the results are presented as followed:  
7. 4. 1. Epoxy resin based composite 
 Epoxy resin is a hard and brittle polymer,[255]and as 70% of our composite 
consists of this polymer, it is important to study its impact resistance for easy 
comparison later. Fig. 7.7a illustrates the impact behaviour of the pure epoxy resin. As 
it can be seen, the sample shows a sharp peak which represents a brittle break. This 
behaviour is the dominate characteristics of other composites made of resin, as shown in 
the next two graphs obtained from the composite materials which show almost identical 
profiles. When the brittle epoxy resin collapse, the whole sample structure will fail. The 
addition of ceramic to the polymer slightly improves the impact resistance of the 
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specimens (Table. 7. 1). This improvement became more obvious when CNTs were 
introduced to the composites. With their high impact resistant capacity [256], which 
makes the sample more tougher (as discussed in the compression test section), the 
composites can withstand a higher impact load and absorb more energy. It is clear in 
Fig. 7.7c that the absorbing peak of epoxy resin-ceramic-CNT composite becomes 
broader compared with the other two samples.  
 
(a) 
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(b) 
 
(c) 
Fig. 7.7. Impact test profiles of pure epoxy resin (a), epoxy resin-ceramic (b), and epoxy 
resin-ceramic-CNT (c) composites obtained under constant impact energy of 5 J. 
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Important data from Fig. 7.7 are summarized in Table. 7. 1 which shows the 
maximum load, energy to this maximum load and total energy absorbed during the 
impact test. In total, the epoxy resin-ceramic-CNT composite absorb 117.2% and 32.7% 
more energy than those of pure epoxy resin and epoxy resin-ceramic composite, 
respectively. And both composites required a higher load to break compared with the 
pure epoxy resin. 
Fig. 7.8 shows the appearance of the samples after the impact test. It is clear that 
all the three types of sample have been failed and broken in a similar pattern.  
 
Fig. 7.8. Optical images of different post impact samples. (a) and (b) represent the pure 
epoxy resin and epoxy resin-ceramic samples, respectively. (c) and (d) represent the epoxy 
resin-ceramic CNT composites. 
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Table. 7. 1. Peak load, energy to maximum load and total energy absorbed during impact 
test are summarized for the pure epoxy resin, epoxy resin-ceramic and epoxy resin-
ceramic-CNT composites. 
 
Pure epoxy 
resin 
Epoxy resin-ceramic 
composite 
Resin-ceramic-CNT 
composite 
Peak load (N) 3294.6 4351.1 3794.5 
Energy to max 
load (N) 
1.4242 2.4076 2.3880 
Total energy (J) 2.3968 3.9233 5.2057 
 
SEM investigations of the fracture surfaces revealed the role of CNTs in improving 
the toughness of composites. The stress-transfer from the matrix to the reinforcements 
has to be performed via the interface, which can be influenced by a chemical 
functionalization of the CNT surface. A tailored functionalization can lead to the 
formation of covalent bonds between CNTs and the polymeric matrix, resulting in a 
strengthened interface and an improved wettability of the CNTs [246]. It has been 
shown that even at low nanotube contents, the epoxy resin-CNT composites exhibit a 
significant increase in fracture toughness, as well as an enhancement of stiffness 
[246].The red insets in Fig. 7.9a and Fig. 7.9b show the CNTs that are still connected to 
the polymer at both ends. This represents the bridging mechanism. More energy will be 
required to pull these CNTs out of the polymer which increases the toughness of 
sample. Similar situations can be evidenced in Fig. 7.9d and Fig. 7.9e where a plenty of 
CNT act as bridges connecting polymers at two sides of wakes. Uncoiling CNTs can be 
seen in Fig. 7.9c in a wake which still can be further stretched and act as a bridge. Fig. 
7.9 also shows evidence of pull-out mechanism occurred in our sample. The blue insets 
in Fig. 7.9a and Fig. 7.9b present nanotubes which have faced to larger forces and 
pulled out of the polymer by absorbing more energy (increased toughness). 
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Fig. 7.9. SEM images of a fracture surface of the epoxy resin-ceramic-CNT composite 
reveal the bridging mode and pull-out mode of CNTs within the composite acted as the 
toughening mechanism. 
As discussed in chapter 2, when a crack is formed, the reinforcement bridges it in its 
wake and pull-out does the frictional work. These mechanisms can effectively stop the 
crack from further growth across the whole sample [134]. In CNT-reinforced 
composites, it is proposed that uncoiling and stretching of CNTs also play an important 
role in enhancing the toughness [136]. During the crack propagation, CNTs in the wake 
are stretched and act as extra bridges, stopping the cracks from further propagation. In 
the case of larger forces, CNTs will be forced out of the resin matrix. This mechanism 
known as pull-out, which requires a high energy to defeat the strong bonding between 
CNTs and matrix and will act as another process to prevent further growth of cracks, 
resulting in a tougher composite [136]. In this regard, homogenous dispersion of CNTs 
in the ceramic matrix is the most dominating factor which in our case, use of ceramic 
foam as trust has significantly improved their dispersion.  
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7. 4. 2. Polyamide based composite 
Unlike epoxy resin, PA12 is a tough polymer [257]. Our results for the impact 
tests of pure PA12 also confirm this fact (Fig. 7.10a). As 70% of composites consist of 
PA12, the composite toughness is basically dominated by the behaviour of PA12. 
Consequently, the addition of a ceramic and CNTs at this low fraction (0.5 wt. %) only 
improved the impact resistance of our composites slightly. They exhibit a similar profile 
under impact load (constant energy mode of 5 J) (Fig. 7.10b and c). 
 
 
a) 
b) 
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Fig. 7.10. Impact test results of the pure PA12 (a), PA12-ceramic (b), and PA12-ceramic-
CNT (c) composites obtained under constant energy of 5 J. 
Fig. 7. 11 shows the appearance of the samples after the impact test. It is clear that 
crack have been formed at the surface of all the three types of sample; however they 
have not being completely failed facing the impact as it was evidenced in epoxy resin 
samples (Fig. 7.8). This shows that the PA12 samples are capable of adsorbing higher 
level of energies compared to epoxy resin ones. The red circles in Fig. 7. 11 shows the 
cracks and they have been scale up for better observation.  
 
Fig. 7. 11. Optical images of different post impact samples. Pure PA12, PA12-ceramic 
composite and PA12-ceramic-CNT composites are presented in (a), (b) and (c), 
respectively. The red circles clearly show the cracks at the surface of samples. 
c) 
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Table. 7. 2 summarizes the maximum load, energy to this maximum load and total 
energy absorbed during the impact test for pure PA12, PA12-ceramic and PA12-
ceramic-CNT composites, which shows all the three types of material having a very 
similar characteristic, unlike the results for the epoxy resin composites. 
Table. 7. 2.Peak load, energy to maximum load and total energy absorbed during impact 
test are summarized for pure PA12, PA12-ceramic and PA12-ceramic-CNT composites. 
 Pure PA12 
PA12-ceramic 
composite 
PA12-ceramic-CNT 
composite 
Peak load (N) 4083.4 3882.4 3752.6 
Energy to max 
load (N) 
4.6014 4.3976 4.6381 
Total energy (J) 4.3209 4.6341 4.6330 
 
To conclude, the addition of CNTs (at such a small volume fraction) can 
improve the impact resistance of those polymer composites which are brittle by their 
own, however CNTs cannot improve the compression strength of such composites. On 
the other hand, the addition of CNTs to tougher/softer composite materials such as 
polyamides did not have a significant effect on their impact resistance; however it could 
considerably improve the mechanical strength under compressive stresses. 
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7. 4. Conclusion 
 The addition of 13 wt. % CNT (this weight percent includes catalyst particles) to 
the porous ceramic (100-150 µm pore sized) increases the compressive strength 
by 34.4% (compared to the as received ceramic) and 8.3% (compared to the heat 
treated sample).  
 The reinforcement effect of CNTs in the epoxy resin-ceramic-CNT composite in 
compression test becomes clearer after the yield point where it could deforms 
40% more elastically compared to the epoxy resin-ceramic composite as a result 
of the CNT reinforcement. 
 The formation of plenty of cracks in epoxy resin-ceramic composites during 
compression test completely broke the samples, whilst the addition of CNTs to 
the composite stopped the crack propagation and the samples did not break into 
pieces.  
 Ceramics added to pure PA12 decreased its yield stress by 57%, and the CNT 
addition increased the yield stress of PA12-ceramic composites by 41% and 
recovered the materials properties to some extent. 
 The impact toughness of both the epoxy resin and PA12 composites were 
dictated by the behaviour of their polymers, as they are the main ingredients 
(70%) of the composites. Epoxy resin-ceramic-CNT composite showed a brittle 
break characteristic, absorbing 117.2% and 32.7% more energy compared to the 
pure epoxy resin and epoxy resin-ceramic composite, respectively. 
 Bridging and pull-out mechanisms counted for the improved toughness of epoxy 
resin-CNT composites. 
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Chapter 8. Summary and conclusions 
In summary, it was tried to use the extraordinary properties of CNTs in 
different applications. This includes the fabrication of new functional materials by 
addressing their mechanical properties and also producing nanofilters for different sorts 
of contaminations in various media. For this purpose, new methods were introduced and 
developed in a way to fit our demands. This work tried to address the current technical 
challenges on fabrication of ceramic/CNT nanocomposites and improve the uniformity 
of CNTs distribution inside matrix and preventing their agglomerations which all count 
as current difficulties for fabrication of such nanocomposites. Based on the technical 
demands, new methods and devices were developed and introduced for the fabrication 
of polymer-ceramic-CNT composites for the first time. 
After an introduction in chapter 1, describing the main idea and motivations 
behind the demands in this field for fabrication of ceramic/CNT composites and 
challenges for synthesising of such functional materials, chapter 2 provides detailed 
data and information covering all aspects about CNTs, fabrication processes, 
composites, and applications particularly filters. 
In chapter 3, the experimental methodology described all the fabrication 
processes, materials and characterisation techniques used in fabrication and properties 
evaluation. Detailed data about techniques and instruments involving in experiments 
were also discussed.   
In chapter 4, fabrication of ceramic/CNT composites were reported by direct in-
situ growth of CNTs inside different ceramic substrates. For high density ceramic (100-
150 µm pore sized), the nanocomposite was made by placing camphor as a green carbon 
source inside the matrix. For ceramic foam (300 and 500 µm pore sized), the composite 
was produced by injection of acetone-camphor solution in to the reaction chamber. In 
both processes, similar catalyst (nickel nitrate) was used. It was shown that this catalyst 
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is capable of improving the uniformity of catalyst particle distribution on ceramic 
matrix at very small size which directly improved the quality of the final product. This 
was achieved by introducing the catalyst as a solution rather than solid powders. 
Furthermore, the effect of different parameters on CNT growth such as catalyst and 
carbon source, temperature, carrier gas speed and etc. were also intensively studied and 
described.  
In chapter 5, the prepared ceramic-CNT composite with 500 µm pore size was 
used to be infiltrated with two different sets of polymers: one thermoset (epoxy resin) 
and one thermoplastic (PA12). Based on the different requirements for each polymer, 
different approaches for infiltration of composites were developed and discussed. It was 
shown that high degree of filling has been achieved, using µ-CT scan investigations. 
Furthermore, SEM investigations proved that CNTs have survived the infiltration 
process and they were still well distributed inside the matrix. This was the first report 
for fabrication of such a functional material.  
In chapter 6, the ceramic-CNT nanocomposites were used in filtration 
application for the removal of bioorganic (yeast cells) and inorganic (heavy metal ions) 
contaminants from water, and of particulates from air. Dominating effects on filtration 
properties were clearly discussed and reviewed. This includes effect of pore size, 
injection rate and functionalization methods. Reusability of filter was addressed as 
another important factor in this chapter. These results represent a big leap towards 
practical applications that may open new opportunities for CNT engineering.  
In chapter 7, the mechanical properties of prepared high density ceramic-CNT, 
epoxy resin-ceramic-CNT and PA12-ceramic-CNT composites were evaluated and 
discussed. This includes assessing compression test, hardness and impact test. 
In conclusion: 
 Fabrication of CNTs in high density ceramic matrix at 850 °C under a H2-Ar 
atmosphere using CVD process was introduced. This includes introducing an 
202 | P a g e  
 
 
unconventional CVD process for the first time by placing the green carbon 
source (camphor) inside the engineered high density ceramic substrate. The 
resulting CNTs with average diameters of 30-70 nm and lengths up to several 
micrometers are dispersed uniformly at each section of the alumina matrix. An 
improvement in the compression strength of the composites (8.3% and 34.4% 
compared to the heat treated and as received samples, respectively), has been 
obtained due to the inclusion of CNTs. 
 CNTs were also directly synthesised on ceramic foam (Ø27 mm  10 mm, 300 
and 500 µm pore sized) at 780 °C under a H2 atmosphere. Similar catalyst and 
carbon source were used. Uniform CNT (with 3 wt% yield) distribution was 
achieved at all sections of sample. These ceramic-CNT composites were used as 
nanofilters and their filtration efficiencies were assessed.  
 CNT nanofilters showed very promising results. 98% of the yeast cells were 
filtered. The filtration efficiency was a function of filter pore size, filter length 
(CNT loading) and injection rate. SEM images of yeast cells inside filter 
revealed that they were physically captured by the tangled CNT networks. 
 More than 99.6% of the air particles (size ranges from 0.3 to 10 µm) were 
filtered using 300 mm long CNT filter. CNT loading was shown to be the 
dominating factor in filtration efficiency compared to the ceramic pore size. 
Oxidized CNT filter and pristine one showed similar efficiencies suggesting that 
the mechanism of filtration is mainly through physical interception. Brownian 
diffusion mechanism was claimed to be the dominating filtration mechanism for 
smaller particles (0.3 µm) when for big particles (5 and 10 µm), inertia 
impaction and interception counts for the filtration mechanism. 
 A complete removal of heavy metal ions from water was reported particularly 
for single ion removal tests. In the presence of mixed ions, their competitive 
binding to CNTs dominates the adsorption process suggesting that sorption 
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mechanism of heavy metals by CNTs is more a chemisorption process rather 
than physisorption. Based on this fact, filters in less competitive conditions had 
higher adsorption efficiencies for all the metal ions in solution when for more 
competitive conditions, metal ions with higher adsorption tendencies (Fe
2+
 and 
Cu
2+
) replaced other ions and released them into the solution. These filters 
maintained their high efficiency at higher injection rates (500 ml/h) which 
makes them promising candidates for industrial filtration applications. 
 Filters were shown to be capable of being reused while maintaining their high 
efficiencies. This can justify the high initial cost of producing CNTs.  
 Ceramic-CNT composites were then successfully infiltrated with two different 
sets of polymers (one thermoset: epoxy resin, and one thermoplastic: PA12) 
fabricating novel polymer-ceramic-CNT functional materials.  
 All the samples (pure epoxy resin, epoxy resin-ceramic and epoxy resin-
ceramic-CNT) showed similar behaviour under compression test. This behaviour 
was dominated by the epoxy resin and samples had very close yield stresses. 
The reinforcing effect of CNTs in the epoxy resin-ceramic-CNT composite 
under compression test becomes clearer after the yield point. The addition of 
ceramic to pure epoxy resin caused its failure at a much lower strain. However, 
the epoxy resin-ceramic-CNT composite deforms 40% more elastically 
compared to the epoxy resin-ceramic composite as a result of the CNT 
reinforcement.  
 Ceramics added to the pure PA12 decreased its yield stress by 57%, and the 
CNT addition increased the yield stress of PA12-ceramic composites by 41% 
and recovered the materials properties to some extent.  
 The impact toughness of both the epoxy resin and PA12 composites were 
dictated by the behaviour of their polymers, as they are the main ingredients 
(70%) of the composites. Epoxy resin-ceramic-CNT composite showed a brittle 
break characteristic, absorbing 117.2% and 32.7% more energy compared to the 
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pure epoxy resin and epoxy resin-ceramic composite, respectively. Bridging and 
pull-out mechanisms are counted for the improved toughness of epoxy resin-
CNT composites. 
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Chapter 9. Future work 
Base on the obtained results, some suggestions for future work are proposed:  
In high density ceramic-CNT composite: 
 More investigation can be done for increasing the yield of CNTs along with 
improving the uniformity of nanotube distribution inside the ceramic matrix. It 
was shown that there were still many catalyst particles remained inside the 
matrix without any growth that indicates further efforts are needed to find a way 
to provide more carbon source inside the sample.  
 The produced composite can be then subjected to the mechanical test evaluation 
and also for filtration application for smaller contaminants such as viruses and 
bacteria where we had faced the maximum efficiency of 98% for yeast cells with 
300 µm pore sized nanofilter where this ceramic has 100-150 µm pore sizes. 
In low density ceramic-CNT composite: 
 Again, increasing the yield of CNTs can still be subject of further studies along 
with developing a new precise measuring step in order to provide the exact 
amount of synthesised CNTs inside ceramic foam. These two data will allow 
one to study the isotherm of heavy metal ions adsorption in filtration application. 
 It is required to develop a procedure to monitor the released amount of CNTs 
following the environmental concerns. This study can be further carried out by 
designing a special holder (such as polymer membranes) to minimise CNT 
release into the environment by colleting them from outlet stream. 
 It is recommended to follow a similar fabrication approach using a diesel 
particulate filter as substrate. Based on the promising results obtained from air 
particulate filtration in this thesis, such filter is expected to have extremely good 
potential for car engines which can be a great interest for nanotechnology in 
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everyday use application. Pressure drop of such fabricated filter needs to be also 
addressed. 
In polymer-ceramic-CNT composite: 
 The new class of functional nanomaterial introduced in this thesis needs to be 
subject of further studies. It is required to fabricate bigger samples. This will 
allow one to evaluate more mechanical properties of them. 
 There are still many polymers which can be used to infiltrate the ceramic-CNT 
composite. This can produce new engineered functional materials with required 
properties. Thus, intensive investigations can be carried out in this field by 
addressing more different polymers. 
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